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ABSTRACT
One of the primary concerns for the treatment of high strength carbonaceous wastewaters 
in anaerobic systems is to achieve an optimum growth environment for acidogenesis and 
methanogenesis. Such wastewaters with high nutrient levels could cause additional 
problems as anaerobic units are usually designed for the removal of organic matter. In 
addition, nitrate inhibition to methanogenesis in anaerobic environment could cause further 
problems during treatment. Therefore, a type of high rate anaerobic system is required 
which could accommodate nitrogen removal in addition to organic carbon removal, and 
comply with the increasingly stringent discharge standards adopted by environmental 
protection agencies worldwide. This research was carried out by developing a new reactor 
by using a bed of anaerobic granular sludge in an anaerobic baffled reactor, the granular 
bed baffled reactor (GRABBR). The aims of this study were to investigate the performance 
of GRABBR in terms of treatment efficiency for carbon and nitrogen removal, long term 
and shock load stability, occurrence and effectiveness of phase separation, characteristics 
of granular biomass in different phases, and to examine the physical, microbiological and 
kinetic parameters of biomass. A 10 litre GRABBR divided into five equal sized 
compartments was operated under mesophilic (35°C) conditions. The GRABBR system 
achieved high chemical oxygen demand removal, biomass retention and methane yield 
under various operational strategies, particularly at high organic loading rates (OLRs), with 
synthetic glucose and brewery wastewaters. Phase separation between acidogenesis and 
methanogenesis mainly occurred at high OLRs. The reactor configuration and microbial 
environment encouraged the acidogenic dominant zone to produce intermediate products 
suitable for the methanogenic dominant zone. Acidogenesis in the upstream compartments 
of GRABBR caused breaking and flotation of granular sludge, along with the formation of 
microbial mass identified as mainly Gram-negative Klebsiella pneumoniae, while 
downstream methanogenic compartments retained the original granular structure. The 
reactor was efficiently operated at high OLR with short hydraulic retention time (HRT) on 
a long-term basis. The system was capable of treating highly varying flow rates. 
Simultaneous denitrification and methane production was observed in GRABBR during 
nitrate addition in the acidogenic and methanogenic dominant zones. It is shown that the 
microbial arrangement in a layered granular structure, containing vast diversity of species 
with strong association of facultative and methanogenic populations, and phase separation 
characteristics of the GRABBR, brought about simultaneous denitrification and methane 
production. No noticeable ammonification was observed with glucose and brewery 
wastewaters during nitrate reduction. The simpler forms of carbon sources, like acetate and 
VFA, were found to be a more efficient substrate in terms of carbon and nitrate removal 
than glucose. The presence of simpler forms of substrate and higher concentrations of 
methanogenic granules exhibited higher nitrate and carbon removal rates in the 
methanogenic dominant zone than the acidogenic dominant zone of GRABBR. This study 
demonstrated that the combination of granular bed, compartmentalisation and plug flow in 
a single system could achieve ideal anaerobic configuration for wastewater treatment to 
accomplish carbon and nitrogen removal. The findings of this research suggest that the 
application of a GRABBR is suitable for the treatment of multiple pollutants of complex or 
high strength wastewaters, where each phase or compartment acts as a separate specialised 
treatment unit.
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CHAPTER 1
INTRODUCTION
This chapter reviews the brief literature related to this research work with a description 
o f various parameters used and investigated in this study, research aims and thesis 
structure. The basic principles o f the anaerobic digestion process, different reactor 
configurations, properties o f anaerobic granules and nitrogen removal from 
wastewaters are elucidated. The importance o f phasing in anaerobic systems has been 
emphasised with an explanation o f the anaerobic baffled reactor and its modification, 
the granular bed baffled reactor.
1.1 ANAEROBIC TREATMENT OF WASTEWATER
Sustainable processes for the biological treatment of wastewater require optimal growth 
conditions for microorganisms in engineered design systems, which are simple, safe, 
low cost and require fewer resources to operate. These processes should be capable of 
treating wastewaters to high standards in order to abide by increasingly stringent 
effluent discharge standards adopted by environmental protection agencies world-wide 
(European Union Council of Ministers -  European Urban Waste Water Treatment 
Directive 91/271/EEC, 1991; U.S. EPA Effluent Guidelines and Standards, 2003). Such 
biological wastewater treatment can be accomplished within either aerobic or anaerobic 
systems. In the 1970s, greater environmental awareness resulted in proposing 
regulations for addressing pollution control strategies (U.K. Royal Commission on 
Environmental Pollution, 2003), which encouraged extensive research in innovative 
technologies for the treatment of wastewaters generated from various sources, 
particularly industries. During the same time the energy crisis brought about an increase 
in energy prices, which made operation of aerobic treatment plants expensive. This led 
to the success of anaerobic digestion processes for the treatment of a wide range of 
wastewaters, since these processes offer a solution to environmental regulations and
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public concern. Consequently, a number of anaerobic systems were developed and 
installed throughout the world (Frankin, 2001). Since then these processes are of special 
interest for treating medium to high strength wastewaters for environmental engineers 
and microbiologists.
Intensive research work on the anaerobic degradation of wastewaters has led to a 
superiority of this process over alternative traditional methods, like aerobic processes. 
There are perceptible advantages of anaerobic systems over aerobic metabolic systems, 
and these have been widely reported in last four decades (McCarty, 1964; Ghosh et al., 
1975; Anderson et al., 1980; Speece, 1983; Lettinga, 1995), viz.
• High degree of waste stabilisation.
• Low (well-stabilised) sludge production, thus savings in excess sludge handling and 
disposal.
• Methane-rich biogas production provides an economically valuable end-product.
• Low energy consumption with no oxygen requirements.
• Potential of applying high loading rates, thus compact reactor design with low space 
requirements.
• Low nutrient requirements.
• Low operational and maintenance costs.
Some of these advantages are indicated in the schematic mass balance diagram (Figure
1.1) for carbon removal in anaerobic and aerobic processes.
Anaerobic degradation of organic matter is a multi-step process, involving a number of 
different bacterial species (McCarty, 1964; Kasper and Wuhrmann, 1978; Gujer and 
Zehnder, 1983; Pavlostathis and Giraldo-Gomez, 1991). The simplified methane 
fermentation diagram of complex polymers is shown in Figure 1.2. Methanogenic 
activity of anaerobic systems depends on the presence of methanogenic bacteria and of 
substrates converted by these to methane (Dolfing and Bloeman, 1985). Due to the slow 
growth rates of methanogenic bacteria, their metabolism is generally a rate-limiting step 
in anaerobic wastewater treatment. This necessitates a long hydraulic retention time 
(HRT) in the anaerobic systems for creating optimum environment of efficient waste
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treatment. In the past and even for most of the current anaerobic systems, one of the 
main setbacks is the relatively long biomass retention time (or solid retention time, 
SRT) required for effective treatment to avoid washout of methanogenic bacteria. In 
conventional anaerobic systems, HRT within the system has to be maintained long 
enough in order to ensure long SRT, thus necessitating the need for designing relatively 
large reactor systems. However, with the advent of high rate anaerobic systems, which 
are capable of separating HRT and SRT, anaerobic processes are presently proving to be 
a preferred technology for the treatment of intermediate to high strength wastewaters. 
Due to this separation, improved cost effective systems of wastewater treatment are now 
available.
Carbon dioxide to
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COD)
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(100 kg)
AEROBIC
PROCESS
V t n t t f
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Figure 1.1 Comparison of aerobic and anaerobic processes for treating 100 kg of 
chemical oxygen demand (COD) to achieve COD removal efficiency of 90%. 
Anaerobic carbon conversion generally produces 6 times less sludge (sometimes even 
less than this figure) than aerobic process, as most of the carbon would be utilised for 
methane production, which is a source of energy (from Wheatley et al., 1997).
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Figure 1.2 Simplified schematic diagram of different reactions involved in 
anaerobic digestion of complex organic matter (adapted from Kasper and Wuhrmann, 
1978; Gujer and Zehnder, 1983).
Key:
1. Hydrolysis of complex polymers by extracellular enzymes to simpler soluble 
products.
2. Fermentative bacteria converts simpler compounds to short chain fatty acids, 
alcohols, ammonia, hydrogen, carbon dioxide.
3. Break down of short chain fatty acids to acetate, hydrogen and carbon dioxide, 
which acts as substrate for methanogenic bacteria.
4. Reaction carried out by homoacetogenic bacteria.
5. About 70% of methane is produced by aceticlastic methanogens using acetate as 
substrate.
6. Methane production by hydrogenophilic methanogens using carbon dioxide and 
hydrogen.
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The concept of high rate anaerobic systems is generally based on three characteristics of 
the system (Hulshoff Pol et al., 1983; Iza et al., 1991):
• High biomass retention within the system.
• Good contact between wastewater and sludge.
• High specific activity of the biomass.
The optimum contact between active biomass and wastewater has been considered as an 
important operational condition in order to achieve high stability of anaerobic 
wastewater treatment system (Iza et al., 1991). Three factors can adversely affect the 
above property of high rate systems (Iza et al., 1991):
1. Channelling or short-circuiting of the wastewater through the biomass.
2. Clogging of the reactor system.
3. Formation of dead zones in the system, either due to reactor configuration or due to 
above-mentioned points.
For many years, the application of anaerobic digestion processes was confined to the 
treatment of concentrated sewage sludges. However, due to the better understanding of 
controlling and operating these systems, microbial conversion and reactor design, 
anaerobic treatment is now applied to high strength wastewaters, which includes a wide 
variety of industrial wastewaters. The number of full-scale anaerobic treatment systems 
has increased markedly in last 20 years, as evident from Figure 1.3, with its current 
application for wastewater treatment in over 65 countries to treat industrial waste 
(Frankin, 2001). This success was mainly achieved due to the development of a better 
understanding of reactor configuration, substrate complexity and operational parameters 
(Azbar et al., 2001). Most anaerobic systems are designed for the treatment of medium 
to high strength wastewaters (Seeler and Jennett, 1978), as they are cost effective for 
these types of wastewaters. However, more recently, the process application has been 
extended to treat low strength wastewaters (Kato et al., 1994; Jeison and Chamy, 1999; 
Langenhoff et al., 2000; Langenhoff and Stuckey, 2000; Foresti, 2002).
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Favourable environmental conditions for the growth of microorganisms are prerequisite 
for successful operation of anaerobic systems (McCarty, 1964; Anderson et al., 1980), 
viz.
• Anaerobic conditions.
• Optimum pH conditions (pH between 6 to 8, though a pH near 7 is preferred for 
optimum performance).
• Appropriate constant temperature (psychrophilic, mesophilic or thermophilic range).
• Absence of toxic compounds at inhibitory levels.
• Presence of essential nutrients, macro-nutrients (nitrogen and phosphorus) and 
micro-nutrients (trace nutrients), in appropriate quantity.
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Figure 1.3 Cumulative number of full-scale anaerobic treatment systems for 
industrial applications in the world (from Frankin, 2001).
In addition, wastewater and seed sludge characteristics, and operation mode of 
anaerobic system also contribute to its optimal performance (Lettinga, 1995). Though, 
there are energy requirements for heating the system to maintain the reactor 
temperature, if operating under mesophilic or thermophilic conditions, gas production 
during the process can be utilised in the form of heat energy (hot water or steam) in a 
boiler or energy for electrical power generation.
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1.2 ANAEROBIC GRANULES
Anaerobic granules or biogranules are formed by the activities of various groups of 
microorganisms involved in the anaerobic degradation of wastewater. Hence, granular 
consortia grown in anaerobic environments involve a diversity of microorganisms 
(Macleod et al., 1990; Fang et al., 1994). The microbial community in a biogranule is 
highly dependent on the type of wastewater (substrate), thus leading to the formation of 
layered or non-layered structures (Grotenhuis et al., 1991b; Fang et al., 1994). 
Anaerobic granules have been characterised physically, chemically and 
microbiologically (Dolfing et al., 1985; Hulshoff Pol et al., 1986; Alibhai and Forster, 
1986a & 1986b; Dubourguier et al., 1988a & 1988b; Batstone and Keller, 2001), and 
thus different relationships have been developed between granular properties. For 
example, black granules are reported to posses a higher methanogenic activity than grey 
granules (Kosaric et al., 1990; Daffonchio et al., 1995). The black colour of granules is 
mainly associated with the presence of high concentrations (approximately 30%) of FeS 
in the ash content (Dolfing et al., 1985). The predominant minerals found in anaerobic 
granules are calcium, iron, potassium, phosphorus, sulphur, magnesium and sodium 
(Alibhai and Forster, 1986b; Dubourguier et al., 1988a & 1988b; Bhatti et al., 1995), 
and have been found to play a key role in granule stabilisation. Granules contains 
extracellular polymeric substances (EPS) which mainly consist of proteins, 
carbohydrates and nucleic acids (Bhatti et al., 1995). The chemical composition of 
anaerobic granules is comparable to bacteria in general (Dolfing et al., 1985). 
Methanothrix sp. has been reported to be a key population in the initiation or formation 
of granular consortia (Alibhai and Forster, 1986a; Macleod et al., 1990; Fang et al., 
1994).
1.2.1 GRANULATION PROCESS
The upflow anaerobic sludge blanket (UASB) reactor is one of the most attractive 
technologies for anaerobic wastewater treatment (Lettinga, 1995). The first laboratory- 
scale UASB system was operated in 1971 at the Agricultural University of Wegeningen, 
The Netherlands (de Zeeuw, 1988). The first reported observation of granular sludge in 
a UASB system was in a 6 m3 pilot plant, inoculated with digested sewage sludge, 
during 1974-1976 for treating beet sugar factory wastewater in Breda, The Netherlands
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(Lettinga et al., 1979 & 1980; de Zeeuw, 1988). The success of UASB reactor systems 
has been attributed to the formation of the granules that have been found to be well- 
settled and active biomass (Hulshoff Pol et al., 1983; Wiegant et al, 1986; Alibhai and 
Forster, 1986b; de Zeeuw, 1988; Hickey et al., 1991; Fang et al., 1994; Bae et al., 1995; 
Liu and Tay, 2002).
Granulation results from microbial self-immobilisation and subsequently aggregate 
formation and growth (Yan and Tay, 1997). Granulation enhances biomass settleability 
(i.e. high biomass retention) and improves physiological conditions in the anaerobic unit 
(McCarty and Smith, 1986), thus enabling the reactor to operate at high loading rates 
with low biomass washout (Hulshoff Pol, 1989). Reactor hydrodynamics have been 
reported to play a key role in the granulation process (Hulshoff Pol, 1989; Arcand et al., 
1994; Liu and Tay, 2002). The formation of anaerobic granules has been favoured in a 
relatively high hydrodynamic shear force environment (Liu and Tay, 2002). Although 
the granulation process has been observed in various anaerobic systems, it is generally 
associated with UASB systems (Liu and Tay, 2002). The main reason could be that the 
flow pattern (circular flow) in column-type upflow systems, with high reactor height to 
diameter ratio, short HRT and high upflow velocity may favour granulation (Liu and 
Tay, 2002). These authors reported that circular flow pattern could force microbial 
aggregates to form regular shaped granules (Liu and Tay, 2002). Low substrate 
concentrations in the influent wastewaters can also enhance the granulation process 
(Hulshoff Pol, 1989; Lettinga, 1995).
A lot of research work has been attempted to explain the commencement of granulation 
process in anaerobic systems, however the mechanism of granule formation is still not 
very clear (Schmidt and Ahring, 1993). The mechanism of granulation has also been 
associated with the bacterial adhesion to inert matter or to inorganic precipitates such as 
iron sulphide or calcium phosphate or by adhesion of bacteria to each other (Ross, 1984; 
Dolfing et al., 1985; Mahoney et al., 1987; Grotenhuis et al., 1991a). The role of EPS in 
granule formation has also been emphasised by a number of researchers (Ross, 1984; 
Alibhai and Forster, 1986a; Shen et al., 1993). Furthermore, environmental factors, such 
as temperature, pH, type of wastewater and availability of nutrients, also play a key role 
in the granulation process (Hulshoff Pol et al., 1983).
8
Chapter 1: Introduction
The formation of granular sludges in anaerobic systems is generally desired, but cannot 
be guaranteed. Sludge granulation has been reported to be an important observation to 
achieve high performance of UASB systems (de Zeeuw, 1988). These sludges can be 
stored without feeding (without substrate) for a long period of times (more than a year). 
Lettinga and Hulshoff Pol (1991) reported that anaerobic granule can be a suitable 
inoculum for starting new systems regardless of their composition and strength. Dense 
or compact packing of anaerobic granules has several advantages over dispersed growth 
systems (McCarty and Smith, 1986), as reported in the Section 1.5.
1.3 ANAEROBIC SYSTEMS
Reactor design plays an important role in selecting the operational conditions of the 
system. Furthermore, selection of microbial populations within the system is believed to 
be dependent on the reactor configuration (Speece et al., 1997). Environmental 
engineers are keen to achieve the following main objectives for the design of new 
anaerobic systems (Iza et al., 1991). It should be:
• capable of treating significant amount of organic matter,
• tolerant to shock load conditions,
• high gas production to achieve improved natural mixing within the system without 
using any form of mechanical mixing,
• achieve maximal SRT in the system with minimal sludge production,
• operate the system on minimal HRT (high loading rates) to minimise the reactor 
volume, and
• high methane production in order to utilise it as a form of energy.
Anaerobic lagoons or ponds are low rate systems, requiring high hydraulic and solid 
retention time for efficient anaerobic degradation. These systems require large space 
and are odoriferous. However, they do not require skilled supervision, and generally 
have low operational and maintenance costs (Pena et al., 2000).
The first generation of reactors for anaerobic biotechnology were suspended growth 
continuously stirred tank reactors (CSTRs), with no recycling of solids (Speece et al.,
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1983). In order to increase the SRT in the CSTR, solids recycling was introduced and 
the system was called the anaerobic contact process (Speece et al., 1983). Anaerobic 
contact processes consist of two parts; the contact reactor and the biomass settling tank. 
These systems are also known as the anaerobic activated sludge process. The settling 
tank separates the biomass from the treated wastewater, which (biomass) is recycled to 
the contact reactor to seed the influent wastewaters.
The anaerobic filter system (Young and McCarty, 1969) is an attached growth treatment 
process, which requires bulky carrier material for the treatment of wastewaters. The 
wastewater contacting the media during upflow or downflow movement enhances the 
growth of anaerobic bacteria on the media. Clogging and channelling have been 
observed with these systems, particularly when the influent contained fat, insoluble 
organics or high solid contents (Environment Canada, 1986). Solids accumulation on 
the media can adversely affect reactor hydraulics and internal mass transfer 
characteristics, and hence needs to be washed on a regular basis.
Fluidised or expanded bed reactors (Switzenbaum and Jewell, 1980) are also attached 
growth treatment processes and require fluidised carrier material as an appropriate 
medium. However, these reactors have similar problems as anaerobic filters. Clogging 
of the fluidised bed can cease the treatment process due to excessive growth of 
microorganisms on the carrier material with long start-up times. There are few full-scale 
fluidised bed systems in operation due to higher energy demand for fluidisation and 
difficulty in construction and operation (Iza et al., 1991).
In UASB systems, wastewater is fed to the bottom of the reactor and flows upward 
through a sludge blanket or bed comprised of granules or floes. The application of 
UASB reactors has been extensively researched for the treatment of industrial and 
domestic wastewaters (Lettinga, 1995). However, the UASB process has some 
disadvantages; biomass washout with the effluent, possibility of excessive bed 
expansion, long start-up time, susceptibility to hydraulic shock loads (Hulshoff Pol et 
al., 1983; Sayed et al., 1987; Guiot et al., 1995; Lettinga, 1995, Nachaiyasit and 
Stuckey, 1995, Shin et al., 2001). Even distribution of wastewater can also pose 
problems in UASB systems, as it may require adequate number and placement of feed 
inlets at the bed of the reactor (Iza et al., 1991). Furthermore, deterioration of the
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granular structure in a UASB reactor was found with influent wastewater containing a 
high solids content (Iza et al., 1991).
A modification of the UASB system is the expanded granular sludge bed (EGSB) 
system, which uses an expanded sludge bed throughout the height of the reactor. These 
reactors are usually initiated with an expanded bed of granular biomass. This allows 
EGSB units to operate on high loads (upflow velocities of 7 to 10 m h'1) as compared to 
UASB systems, which generally operate at upflow velocities of 0.5 to 2 m h"1 (Jeison 
and Chamy, 1999; Gonzalez-Gill et al., 2001). This also increases mixing within the 
system and improves wastewater-sludge contact (Kato et al., 1994). However, these 
authors observed sludge washout problems and sludge bed expansion due to high gas 
production (Kato et al., 1994). The market for EGSBs has increased in the last 10 years 
and it is currently most popular than any other systems (Frankin, 2001). The average 
operating OLR of full-scale EGSB systems is calculated as 20 kg COD m‘3 d '1, while 
the average operating OLR for UASB systems is 10 kg COD m'3 d' 1 (Frankin, 2001). 
UASB and EGSB reactors contribute to about 72% of the world market for anaerobic 
treatment systems (Frankin, 2001). Internal circulation (IC) reactor operates on the 
concept of the EGSB system, characterised by the biogas separation in two stages 
within a reactor with a large height to diameter ratio and gas-driven internal effluent 
circulation (Driessen and Yspeert, 1999).
1.4 PHASE SEPARATION IN ANAEROBIC SYSTEMS
The anaerobic systems described in the above section are considered as single-stage 
reactors, since all the activities involved take place in the same environmental condition. 
Although anaerobic degradation processes involve large numbers of different 
microorganisms, as shown in Figure 1.2, the process is mainly driven by two types of 
reactions, i.e. acidogenesis and methanogenesis (Zoetemeyer et al., 1982). Excess 
volatile fatty acid (VFA) concentrations in the effluent are mainly due to improper 
balance between acidogenesis and methanogenesis due to the dominance of the 
acidogenic process and suppression of methanogenic activity. In phase separation 
systems, optimised conditions are achieved for the growth of different microorganisms, 
particularly acidogens and methanogens, in different zones. Since the optimum growth 
conditions for these two groups of microorganisms are different, favourable
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environmental conditions in their respective phase are provided to maximise their 
activities (Anderson et al., 1994).
In a two-phase system (Pohland and Ghosh, 1971; Anderson et al., 1994; Shin et al.,
2001), complex organic substances (carbohydrates, proteins, fats) are hydrolysed and 
fermented mainly to VFAs in the first phase by a number of microorganisms, 
collectively known as acidogenic bacteria. In the second phase, acid products are mainly 
converted to methane by methanogenic bacteria (Dinopoulou and Lester, 1989). In 
general, the retention time in an acidogenic reactor is shorter than that in the 
methanogenic unit.
The main advantages of phase separation and/or two-phase configurations are as 
follows (Ghosh et al., 1975; Cohen et al., 1980 & 1982; Anderson and Saw, 1984; 
Anderson et al., 1994; Speece et al., 1997):
• Optimised environmental conditions for acidogens and methanogens.
• Maximised substrate conversion with lower effluent VFA concentrations.
• Increased process stability.
• Operation of system at high loading rates.
• Acidogenic phase can serve as a buffering system for subsequent methanogenic 
phase.
• Improved gas yield.
In comparative studies between single and phase separated anaerobic systems, phase 
separation processes outperformed single stage systems (Bull et al., 1984). Effluent 
recycling to an acid phase was found to reduce the consumption of alkali to maintain 
appropriate pH levels in the acidogenic reactor of a two-phase system (Romli et al., 
1994). Azbar et al. (2001) compared various possibilities of reactor configurations and 
observed high treatment performance with multiple stage processes (phase separation) 
and plug flow systems, hence elucidating the importance of plug flow phase separated 
systems. Cohen et al. (1980 & 1982) observed maximum COD conversion rate with 
greater overall process stability in a two-phase system when compared with one-phase 
system. Cohen et al. (1982) observed faster recovery of two-phase systems towards
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stabilisation than that observed with a single-phase system after removing the 
overloading conditions. However, two-phase systems require supervision and 
maintenance in order to control the operation of the system.
Compartmentalisation in anaerobic systems is one way of incorporating phase 
separation and plug flow conditions in a single unit. The concept of 
compartmentalisation in anaerobic reactors was first introduced by Bachmann et al.
(1983), the system was known as an anaerobic baffled reactor. A detailed description of 
this system with its performance levels with various types of wastewaters is explained 
in the following section.
1.4.1 ANAEROBIC BAFFLED REACTOR
Speece (1983) in his article on the suitability of anaerobic processes for industrial 
wastewater treatment reported that ‘... .significant developments in reactor design are 
now laying a strong foundation for the development o f efficient and reliable anaerobic 
biotechnology for treatment o f wide variety o f industrial wastewaters. ’ At the same 
time, Bachmann et al. (1983) made a fascinating discovery whilst evaluating an 
anaerobic rotating biological contactor system. These authors (Bachmann et al., 1983) 
observed that no rotation of the disc is necessary for wastewater treatment, and thus the 
concept of the anaerobic baffled reactor (ABR) was developed (Figure 1.4). The ABR 
system comprises a series of vertical baffles to force the wastewater to flow under and 
over them as it passes from inlet point to outlet point. The microorganisms within the 
reactor tend to rise and settle with gas production. Due to compartmentalisation, the 
horizontal movement of bacteria is slow giving a high biomass retention within the 
system and allows more contact between wastewater and solids without the use of any 
fixed media (Barber and Stuckey, 1999). The reactor design has been described as 
simple, inexpensive to construct, with low operational and maintenance costs, and 
requires no separate gas collection unit (Bachmann et al., 1985; Barber and Stuckey,
1999). It has been also reported that such a reactor configuration reduces the risk of 
clogging and sludge bed expansion (Bachmann et al., 1985). These authors (Bachmann 
et al., 1985) have also reported that the compartmentalised construction of the reactor
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gives an optimum contact between the wastewater and the active retained biomass in the 
reactor, thus precluding any requirement for mechanical mixing.
Figure 1.4 One of the early designs presented for an anaerobic baffled reactor 
(Figure 1.4a) modified from anaerobic rotating biological contactor system (Figure 
1.4b) by removing rotating discs (from McCarty, 1981).
The ABR is one of the high rate suspended growth anaerobic wastewater treatment 
systems. It is different from other high rate anaerobic systems because of its 
compartmentalised nature, which encourages phase separation along the length of the 
reactor (Barber and Stuckey, 1999). The ABR contains a number of compartments, 
which are separated by baffles, thus giving a plug flow pattern and minimises biomass 
washout (Barber and Stuckey, 1999). Each compartment of an ABR by itself is believed 
to be a separate treatment unit and completely mixed. Some authors believe that an 
ABR does not require granulation for high treatment performance (Barber and Stuckey, 
1999). However, sludge granulation has been observed in various ABR studies (Tilche 
and Yang, 1988; Boopathy and Tilche, 1991; Uyanik et al., 2002a). The system has
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been evaluated for its hydrodynamic characteristics and found to possess low dead 
space i.e. low unused volume of the reactor (Grobicki and Stuckey, 1992), and hence an 
optimum utilisation of reactor volume.
The ABR system and its modified configurations have been applied for various 
wastewater treatment applications, such as, slaughterhouse wastewater (Polprasert et al.,
1992), ice-cream wastewater (Uyanik et al., 2002a), whisky wastewater (Boopathy et 
al., 1988), molasses wastewater (Boopathy and Tilche, 1991 & 1992; Xing and Tilche,
1992), piggery manure (Boopathy and Sievers, 1991), palm oil wastewater (Faisal and 
Unno, 2001), phenolic wastewater (Holt et al., 1997) and pharmaceutical wastewater 
(Fox and Venkatasubbiah, 1996). More recently, the treatment application of ABR has 
been extended for the treatment of low strength wastewaters (Langenhoff et al., 2000; 
Langenhoff and Stuckey, 2000).
Despite its uniqueness and many advantages, it is surprising that ABR systems are still 
not commonly in use at full-scale. A decrease in process performance was observed 
with ABR systems at high OLRs, particularly at short HRTs (Bachmann et al., 1985; 
Grobicki and Stuckey, 1991; Boopathy and Tilche, 1992; Nachaiyasit and Stuckey, 
1997b), as also shown in Figure 1.5. Furthermore, it has also been described as a series 
of UASB systems (Boopathy et al., 1988). However reactor efficiency in comparison 
with UASB configurations was lower, particularly at high OLRs. This process 
instability at high loads appears to be the main reason why other high rate anaerobic 
systems (namely, UASB and EGSB) outcompete ABR type systems on full-scale 
installations. Hence, modification of ABR systems is required to overcome the above 
problems and hence one of the amended configurations is discussed in the following 
section.
1.5 CONCEPT OF GRANULAR BED BAFFLED REACTOR
Different types of microbial aggregates have been developed or used as inoculum in 
anaerobic systems for treating wastewaters. Generally, these microbial aggregates are 
broadly divided into non-granular dispersed sludge or floes and granules (Dolfing, 
1987; Bellouti et al., 1997):
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• Floes are non-granular aggregates with a loose structure. These aggregates cannot be 
individualised after settling.
• Granules are dense pallets with a granular shape. These aggregates are visible as 
separate entities after settling.
A number of studies have reported the advantages of granular structure over non-
granular aggregates, and the findings are summarised as follows:
• Dense granular sludge settles discretely, with settling velocities in the range of 2 to 
90 m h'1 (de Zeeuw and Lettinga, 1983; Lettinga et al., 1983; Dolfing et al., 1985). 
Flocculent sludge settle as a homogenous layer with low settling velocities (0.1 to 1 
m h'1). High settling velocities of granular sludge are mainly associated with their 
dense nature (densities of 1 to 1.05 kg m'3) and large particle size (0.14 to 5 mm), 
while dispersed cell size varies from 0.5 to 3 pm (Dolfing et al., 1985; Grotenhuis et 
al., 1991a; Yan and Tay, 1997; Laguna et al., 1999).
• Granular sludge is a suitable inoculum for the start-up of high rate systems and 
accelerates the start-up process as compared to flocculent type sludge (Hulshoff Pol 
et al., 1983; Lettinga and Hulshoff Pol, 1991; Lettinga, 1995; Banik et al., 1997).
• Flocculent sludge has washout problems during the start-up of the upflow systems 
(Hulshoff Pol et al., 1983), while granular sludge is subjected to little washout 
during start-up period. This is due to the stable (compact) structure of granules, 
which reduce the effect of channelling.
• Granulation ensures high growth rate for the methanogenic bacteria when compared 
to flocculent sludge (Wijbenga and Bos, 1988). Hence, granular sludge has been 
found to possess higher specific methanogenic activity than non-granular sludge 
(Hulshoff Pol et al., 1983). This characteristic also improves the hydraulic mixing 
within the system.
• Anaerobic granular sludge is less sensitive to substrate inhibition when compared to 
non-granular sludge (Morvai et al., 1992). The improved performance of anaerobic 
systems when seeded with granular sludge has been found during process shocks, 
toxins and other environmental stresses (Chang et al., 1994; Schmidt and Ahring,
1996).
• Methanogens in the granular sludge are more tolerant to oxygen than methanogens 
in dispersed sludge (Shen and Guiot, 1996). This is due to the presence of
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facultative bacteria in the outer layers of anaerobic granules. This layer will utilise 
the oxygen before it penetrates into the core of granules, which predominantly 
consists of methanogens.
• The thermodynamics of substrate conversion to intermediate products and their 
further degradation to final end-products is enhanced in a system with anaerobic 
granular sludge due to the presence of various bacterial groups in the granular 
structure (Schink and Thauer, 1988; Wirtz and Dague, 1996).
Interestingly, despite all the above advantages of granular biomass over non-granular 
(dispersed or flocculent) sludge, little attention has been paid to use such an ideal 
microbial aggregate as inoculum in ABR systems. The use of non-granular biomass is 
believed to be the main reason for the relatively poor performance of ABR type systems 
at high OLRs or short HRTs. This unstable performance was mainly due to biomass 
losses or channelling at short HRTs, which posed serious problems and eventually led 
to poor treatment, as also evident from performance levels of number of studies shown 
in Figure 1.5.
In order to withstand higher loading rates at short HRTs in the baffled type systems 
without compromising the effluent quality, it is essential to use biomass that is not only 
highly active but also structurally stable and possesses good settling characteristics. In 
this study, the properties of an ABR system and granular sludge have been brought 
together to create the granular bed baffled reactor (GRABBR). It is believed that such a 
configuration would not only ensure high treatment efficiency but also encourage 
relatively high retention of sludge within the reactor even under high hydraulic or 
organic loading rates (Baloch and Akunna, 2002; Akunna and Baloch, 2002; Baloch 
and Akunna, 2003a & 2003b; Akunna and Baloch, 2003)*. The latter property will also 
discourage significant inter-compartmental biomass transfer and consequently 
minimises biomass losses. Moreover, it is believed that such a system would also 
encourage greater flow dispersion, low short-circuiting and increased mixing within its 
compartments than a simple ABR system.
* Studies from this research work.
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Figure 1.5 Operating organic loading rate (OLR) data of anaerobic baffled reactor studies and its modified configurations. 
On top left and right of each bar represents the corresponding hydraulic retention time. In front of each study (bar), percentage 
shows the chemical oxygen demand (COD) removal at the end of the experiment. Percentage COD removal are also shown at 
20 kg COD m‘3 d"1, for studies exceeding this OLR.
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1.6 NITROGEN REMOVAL FROM WASTEWATERS
Accumulation of nitrogenous compounds in water bodies can adversely effect the 
environment, ecology, economic and public health (Chong and Loehr, 1978). This 
includes eutrophication, high oxygen demand of waters, adverse effects on aquatic life, 
interference with chlorination of water supplies (if the water body is used as a drinking 
water source), affecting the suitability of wastewaters for reuse and other public health 
hazards (Suthersan and Ganczarczyk, 1986, Metcalf and Eddy, 1991). Eutrophication is 
a major problem caused by nutrient discharge resulting in excessive plant growth and 
algal blooms in the receiving water bodies. Nitrogen and phosphorus are the main 
elements causing eutrophication. Ammoniacal nitrogen (in the form of free unionised 
NH3 and ionised N H /) is the most common form of nutrients. Ammonia contributes 
80% to 90% of the total nitrogen in the municipal wastewaters (Suthersan and 
Ganczarczyk, 1986). Various industrial effluents, particularly food processing and 
beverage wastewaters, also contain high amounts of nitrogenous compounds.
The European Union Urban Waste Water Treatment Directive (91/271/EEC) requires 
standards for total nitrogen, at sensitive areas, less than 10 mg l'1 (>100000 population 
equivalent) for discharge into eutrophic receiving waters (European Union Council of 
Ministers, 1991).
Biological nitrogen removal is the most common method of removing nitrogenous 
compounds from wastewaters (Skrinde and Bhagat, 1982; Werner and Kayser, 1991). 
Biological nitrogen removal is a two-step process and involves nitrification and 
denitrification systems, with nitrogen gas released as the end product. The main 
advantages of such system are (Metcalf and Eddy, 1991):
• High process performance, stability and reliability.
• Less skilled supervision is required as compared to other processes.
• Low land requirements and moderate operating cost.
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1.6.1 BIOLOGICAL NITRIFICATION
Autotrophic nitrifying microorganisms oxidise ammonia to nitrate, a process called 
nitrification. Nitrification is a prerequisite for denitrification. Nitrification is a two-step 
process carried out mainly by two genera of nitrifying species, as illustrated in the 
following equations (U.S. EPA, 1993):
Conversion of ammonia to nitrite by Nitrosomonas bacteria:
NH4+ + 1.502 -» N 02‘ + 2H+ + H20  (1.1)
Followed by further conversion of nitrite to nitrate by Nitrobacter bacteria:
N 02' + 0.5O2 N 03' (1.2)
Both groups of microorganism utilise mainly carbon dioxide as the carbon source for 
biosynthesis and nitrifiers gain energy by oxidation of ammonia to nitrite or nitrate 
(Antoniou et al., 1990). The energy yield of Equation (1.2) is less than that of Equation
(1.1), and hence, the rate of conversion of ammonia to nitrite controls the rate of overall 
nitrification reaction (Adams and Eckenfelder, 1977). The overall oxidation of 
ammonium by both groups of microorganisms, by adding Equations 1.1 and 1.2, can be 
represented as (Equation 1.3):
NH4+ + 202 N 03‘ + 2H+ + H20  (1.3)
Considering a part of ammonia utilised for cell synthesis (by assuming an empirical 
formula of C5H7O2N for synthesis of bacterial cells), the overall complete nitrification 
process can be represented by the following expression (Equation 1.4) (Randall et al., 
1992; U.S. EPA, 1993):
NH4+ + 1.8302 + 1.98HCCV 0.021C5H70 2N + 0.98NO3' + 1.041H2O + 
1.88H2C03 (1.4)
The above equation illustrates the stoichiometry of the nitrification process. For each 
gramme of NH4+-N converted to N 03-N, 4.57 g of O2 is required, 0.1 g of nitrifiers are 
produced as volatile suspended solids and 7.1 g of alkalinity (as CaC03) is utilised (U.S.
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EPA, 1993). Hence, the process consumes ammonia, oxygen and bicarbonate. If 
sufficient alkalinity is available in the wastewaters, the oxygen requirement will be 
lower (approximately 4.3 g) for 1 g ammonium conversion to nitrate (Adams and 
Eckenfelder, 1977). These authors (Adams and Eckenfelder, 1977) further stated that 
this figure might be of an order of about 3.9 g, as some nitrogen will be utilised for cell 
synthesis. If nitrification processes are not limited by insufficient inorganic carbon, 
some oxygen will be obtained from other sources, for example, carbon dioxide, 
carbonates and bicarbonates (Adams and Eckenfelder, 1977). Generally, the growth rate 
of the nitrifiers is relatively slow and large nitrifying plants are designed to meet this 
criterion (Maurer et al., 2002).
The growth of nitrifying bacteria is affected by a number of factors such as pH, 
temperature, dissolved oxygen and toxic compounds (Gullicks and Cleasby, 1990; 
Randall et al., 1992; U.S. EPA, 1993). The optimum pH range for nitrification is 6.5 to 
8 (U.S. EPA, 1993). In nitrifying biofilms, decreases in pH below 7 increase the nitrite 
oxidation rate, but decrease the ammonia oxidation rate (Szwerinski et al., 1986). Free 
ammonia and nitrous acid are the main inhibitors of nitrification process at higher and 
lower pH levels respectively (Anthonisen et al., 1976). These researchers (Anthonisen 
et al., 1976) reported that free ammonia (NH3) concentrations of 0.1 to 1.0 mg l"1 and 10 
to 150 mg F1 are inhibitive to Nitrobacter and Nitrosomonas nitrification processes. 
Inhibition caused by free ammonia (unionised ammonia) is considered more toxic than 
that of nitrous acid (Prakasam and Loehr, 1972), as it causes incomplete nitrification 
due to nitrite build-up (Prakasam and Loehr, 1972; Anthonisen et al., 1976; Turk and 
Mavinic, 1989; Carley and Mavinic, 1991; Abeling and Seyfried, 1992; Fdz-Polanco et 
al., 2002). The concentration of free ammonia can be controlled by continuous 
measurement of ammonium and pH in the nitrification unit (Abeling and Seyfried, 
1992). A temperature range of 4 to 45°C has been used for various nitrification 
processes. The optimum range is described as 28 to 32°C, with complete cessation of 
the process below 5°C (Adams and Eckenfelder, 1977). Nitrifying organisms can be 
inhibited by various organic and inorganic compounds, if present above toxic levels. 
These compounds include heavy metals, phenols, halogenated compounds, cyanides etc. 
(Adams and Eckenfelder, 1977). The growth rate of nitrifiers reduces when dissolved 
oxygen (DO) concentrations are low (U.S. EPA, 1993). The DO levels varying from 0.5
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to 2.5 mg l"1 in either suspended or attached growth can prove limited for the process 
(U.S. EPA, 1993).
Nitrification processes may proceed outwith the above-mentioned limits, if the process 
is acclimatised to such conditions (U.S. EPA, 1993). The nitrification process eliminates 
the oxygen demand of nitrogen by changing it from ammonia to nitrate nitrogen, but 
requires further treatment (denitrification) to remove nitrogen (nitrate) from 
wastewaters.
1.6.2 BIOLOGICAL DENITRIFICATION
Heterotrophic as well as autotrophic microorganisms can convert nitrate to nitrogen gas, 
a process called denitrification. The process is carried out under anoxic conditions (i.e. 
in the absence of oxygen) and requires an organic (heterotrophic) or inorganic 
(autotrophic) electron donor. In wastewater treatment processes, the presence of 
biodegradable organic compounds serving as electron donors makes heterotrophic 
denitrification a common pathway of nitrate reduction (Bode et al., 1987). When carbon 
sources in the medium are unavailable in sufficient quantities, external sources must be 
provided. For this purpose, methanol has been extensively used (Monteith et al., 1980; 
U.S EPA, 1993).
In biological denitrification, nitrate is reduced to nitrogen gas with nitrite, nitric oxide 
and nitrous oxide as intermediates, as shown in Equation 1.5 (Metcalf and Eddy, 1991):
N 03' N 02* NO N20  N2 (1.5)
The last three compounds are gaseous products. Another dissimilatory reaction for 
nitrate is its reduction to ammonium nitrogen (Tiedje, 1988; Akunna et al., 1992), a 
process also called “dissimilatory nitrate reduction to ammonium” (DNRA) or 
ammonification. This reaction has been observed in anaerobic systems (Tiedje, 1988; 
Akunna et al., 1992).
In the denitrification process, a portion of nitrate is reduced to ammonia nitrogen 
(assimilatory nitrate reduction) to supply nitrogen (nutrient) for cell synthesis (Stensel et
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al., 1973). Denitrification is generally considered a two-step process, the first reaction is 
the reduction of nitrate to nitrite and the second is the conversion of nitrite to molecular 
nitrogen, as shown in the following expressions (1.6, 1.7 and 1.8) by assuming 
methanol as an electron donor (Monteith et al., 1980):
N 03' + 0.33CH3OH N 02' + 0.33CO2 + 0.67H2O (1.6)
N 02' + 0.5CH3OH 0.5N2 + 0.5CO2 + 0.5H2O + OH' (1.7)
The overall reaction (ignoring carbon utilisation for cell synthesis) can be shown as 
(Bode et al., 1987):
5CH3OH + 6N03’ 5C02 + 3N2 + 7H20  + 60H' (1.8)
A wide diversity of species have been observed to carry out denitrification (Payne,
1981). The most common facultative heterotrophic microorganisms includes the genera: 
Achromobacter, Bacillus, Micrococcus, Pseudomonas and Spirillum (Stensel et al., 
1973; Monteith et al., 1980; Carley and Mavinic, 1991), with Pseudomonas species the 
most common facultative genera in denitrification (Payne, 1981; Horsley et al., 1982). 
In the absence of molecular oxygen, most of these microorganisms use nitrate or nitrite 
as terminal electron acceptors while oxidising organic matter for energy.
The reduction of each gram of nitrate nitrogen will reduce 2.86 g of oxygen demand and 
produce 3.57 g (as CaC03) of alkalinity (U.S. EPA, 1993). DO concentrations of 0.5 mg 
l' 1 or less are recommended for successful denitrification process (Christensen and 
Harremoes, 1977). Increasing levels of DO have been found to decrease the 
denitrification rate (Tiedje, 1988). However, some authors have reported that 
denitrification can occur in a wide range of aeration conditions or high DO 
concentrations (Robertson and Kuenen, 1984; Patureau et al., 1994). Denitrifiers have 
also been found to be less sensitive to inhibitory compounds than nitrifiers (Randall et 
al., 1992).
The optimal pH range of denitrification process is between pH 6 and 8 (U.S. EPA,
1993). The conversion reaction of nitrate to nitrite is less sensitive to pH drops than
23
Chapter 1: Introduction
nitrite to nitrogen gas (Francis and Callahan, 1975). The denitrification process is 
inhibited by nitrous acid, and concentration as low as 0.13 mg l'1 can destabilised the 
process (Abeling and Seyffied, 1992). Hence, far-reaching complete denitrification is 
vital to control the influence of this inhibition on the process (Abeling and Seyffied, 
1992). Optimum temperature for denitrification has been reported as 60°C (Francis and 
Callahan, 1975). Temperature less than 10°C noticeably decrease denitrification 
activities (Stensel etal., 1973).
Nitrate reduction processes have been well studied in agricultural soils (Paul et al., 
1989). Dissimilatory nitrate reduction to ammonium has been found to be favoured in 
anaerobic soils (Nommik, 1956; Buresh and Patrick, 1978). The complexity of carbon 
sources may favour nitrate reduction to ammonium (Francis and Callahan, 1975). Cole
(1978) observed 75% of added nitrate nitrogen was accumulated as ammonium with 
glucose substrate by Escherichia coli. In soil studies, anaerobic ecosystems (Smith,
1982) and anaerobic digested sludge (Kasper et al., 1981) favoured nitrate nitrogen 
conversion to ammonium nitrogen. This is also the preferred pathway for nitrate 
reduction in soils, which conserves soil nitrogen (Buresh and Patrick, 1978), rather than 
losing it as nitrogen gas. However, biological removal of nitrogenous compounds to 
nitrogen gas is preferred in the wastewater treatment plants, if treated effluent is to be 
discharged into the aquatic environment.
1.7 NITROGEN REMOVAL FROM ANAEROBICALLY TREATED 
WASTEWATERS
In a conventional process, the treatment of high strength wastewaters is usually 
concerned with the removal of organic matter. However, recently greater efforts have 
been made for nutrient removal, in addition to carbon removal, due to increasingly 
stringent discharge standards adopted by environmental protection agencies world-wide 
(European Union Council of Ministers, 1991; U.S. EPA, 1993). These measures are 
deemed necessary because of various environmental concerns (as mentioned in Section
1.6) caused by nutrient enrichment of the aquatic system.
Unfortunately, anaerobic treatment of high strength nitrogenous wastewaters only 
eliminates carbonaceous matter and does not remove significant amounts of nitrogenous
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pollution. Organic nitrogen compounds are mainly reduced to ammonia, which is not 
usually further degraded in anaerobic treatment. A relatively small portion of nitrogen 
will be utilised for biomass growth. Thus, the effluent of anaerobically treated 
wastewater would be rich in ammonia if the raw wastewater contained high amounts of 
nitrogenous compounds. As an indication of the potential impact of nitrogen pollution, 
1 kg of nitrogen could potentially simulate the manufacture of 16 kg of algal biomass, 
which would be equivalent to 20 kg of COD (Randall et al., 1992). Most of the high 
strength wastewaters from industries, such as food and beverage processing effluents, 
contain high amount of organic matter and in certain cases high nitrogenous compounds 
in the form of ammoniacal and/or organic nitrogen. Therefore, post treatment is required 
to remove nitrogen from such effluents. Typical high strength nitrogenous wastewaters 
with their average COD and ammoniacal nitrogen concentrations are listed in Table 1.1.
Table 1.1 Average chemical oxygen demand (COD) and ammoniacal nitrogen 
(NH4-N) concentrations of some high strength wastewaters.
Type of waste COD 
(mg l'1)
NH4-N 
(mg l'1)
Reference
Piggery 25533 790 Tilche et al., 1994
17138 2400 Font et al., 1997
Tuna processing 11700-25000 100-200 Veiga et al., 1994
Rendering plant 2470 350 Brond and Sund, 1994
Sanitary landfill leachate 31000 1000 Borzacconi etal., 1999
Potato starch wastewater 17000 200 Abeling and Seyffied, 1992
Landfill leachate 21300-26940 1635-1810 Im et al., 2001
For high strength nitrogenous wastewaters to be treated anaerobically, post-treatment 
for nitrogen removal involving nitrification and denitrification units, in addition to an 
anaerobic system is required (Borzacconi et a l , 1999). This necessitates at least three 
treatment units, viz. anaerobic digester, denitrification and nitrification units, as shown 
in Figure 1.6a. The nitrification unit reduces the oxygen demand of ammonia by 
converting it to nitrate, which is finally reduced to nitrogen gas in the denitrification 
unit. In addition to requiring three different units, another problem associated with this 
type of treatment is that nitrogenous wastewaters, with relatively low carbon content
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after anaerobic unit (digested effluent), require additional organic carbon source in the 
denitrification unit to complete the denitrification process.
The problems stated above led to the development of combined denitrification/methane 
production in anaerobic digestion systems (Kuroda et al., 1988; Hanaki and Polprasert, 
1989; Akunna et al, 1992 & 1994b; Lin and Chen, 1995; Hendriksen and Ahring, 
1996a; Chen et al., 1997; Bemet et al., 2000; Mosquera-Corral et al., 2001). Such a 
combined integrated system utilises the carbon source available in the wastewater as an 
electron donor for the denitrification process. This will eliminate the operational 
problems associated with maintaining three independent treatment units and an 
additional cost for external substrate for the completion of denitrification. With this 
combined system, the organic carbon remaining after denitrification will be converted to 
methane gas. Ammonia can be nitrified in the following nitrification unit, which not 
only converts this ammonia to nitrate, but also completes carbon removal. The nitrified 
wastewater can then be recycled to the anaerobic digester for denitrification. The 
schematic of such conventional treatment process is shown in Figure 1.6b. The success 
of a combined integrated system would enhance the treatment efficiency in terms of low 
effluent carbon and nitrate content along with reduced cost and complexity in the 
treatment of high strength nitrogenous wastewaters.
The development and wide application of combined denitrification/anaerobic digestion 
has been hampered by nitrate inhibition to methane producing bacteria (Akunna et al., 
1992, 1993 & 1994a; Hendriksen and Ahring, 1996a; Clarens et al., 1998). They mainly 
attributed this inhibition to the different environmental conditions required to mediate 
methane production and nitrate reduction. Hence the integration of these processes in a 
single reactor may produce complexity in controlling the overall system. Therefore, a 
reactor design is required which can provide zoning for the optimum growth of 
microbial species for the integrated process, so that favourable conditions can be 
obtained for acidifiers, denitrifiers and methanogens. Furthermore, a suitable microbial 
inoculation is required in order to enhance specific activities, and withstand (and adapt) 
to varying operational conditions for carbon and nitrate removal to bring about high 
process stability and efficiency.
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Nitrate/effluent recycled
Anaerobic digester Denitrification unit Nitrification unit
1.6a
External carbon source
Anaerobic digester Nitrification unit Denitrification unit
1.6b
Figure 1.6a & b Schematic diagrams of conventional treatment configuration for 
biological carbon and nitrogen removal for anaerobically treated high strength 
nitrogenous wastewaters.
Nitrate/effluent recycled
Anaerobic digestion/Denitrification unit Nitrification unit
Figure 1.6c Schematic diagram of combined anaerobic digestion and denitrification 
in a single unit followed by a downstream nitrification unit for anaerobically treated 
high strength nitrogenous wastewaters.
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A plug flow multi-phase granular bed bioreactor, like GRABBR, may prove to be a 
more suitable system for the combined removal of carbonaceous and nitrogenous 
pollution than the traditional anaerobic bioreactors, due to its properties illustrated in 
Section 1.5. The other advantages of performing combined denitrification and 
methanogenesis in a GRABBR type system are described in Chapter 5. This Chapter 
also reviews other studies related to such integrated approach.
1.8 RESEARCH AIMS
The following aims were set for this research work:
• To examine the performance of a new suspended growth system, a GRABBR, over 
a wide range of operating conditions, particularly at high OLR (short HRT), in terms 
of treatment efficiency, long term stability, occurrence and effectiveness of phase 
separation, and the characteristics of granular biomass in the different phases within 
the reactor.
• To investigate the performance of a GRABBR in terms of treatment efficiency and 
reliability to withstand hydraulic shock load conditions.
• To investigate the feasibility of a GRABBR for simultaneous denitrification and 
methanogenesis for carbon and nitrate removal by assessing the denitrifying 
capabilities of different microorganisms within the system.
• To examine the nitrate reducing and methane producing capabilities of different 
sludges enriched in the various compartments of GRABBR in batch assays.
• To evaluate the physical and microbiological characteristics of anaerobic granular 
sludge, and any changes in its ultrastructure brought about by different microbial 
(substrate) environment of the reactor.
• To investigate the feasibility of a GRABBR with natural industrial wastewater for 
combined denitrification and anaerobic treatment by employing a two-stage 
anaerobic-aerobic configuration.
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1.9 THESIS OUTLINE
This thesis contains 9 Chapters, including this Chapter of Introduction. Each 
experimental Chapter (Chapters 3 to 8) contains an introduction, results and discussion, 
and conclusions. The following Chapters of the thesis are as follows:
Chapter 2 -  Materials and methods
This Chapter presents the reactor design, feed description, analytical methods, 
equipment details and chemicals used in this study.
Chapter 3 -  Performance of granular bed baffled reactor at various loading rates
This Chapter discusses the performance of the GRABBR in terms of treatment 
efficiency, occurrence and effectiveness of phase separation, and the characteristics of 
biomass within the compartments of the system at various operational conditions.
Chapter 4 -  Performance of granular bed baffled reactor during rapid hydraulic 
shock loads
This Chapter describes the efficiency and reliability of the GRABBR system when 
accommodating unpredictable rapid hydraulic shock loads.
Chapter 5 -  Combined denitrification and anaerobic digestion in granular bed 
baffled reactor
This Chapter evaluates the characteristics of the reactor for combined denitrification and 
anaerobic digestion by identifying the most suitable environment for denitrification 
within the reactor.
Chapter 6 -  Nitrate reduction and methane production activities of sludges from 
granular bed baffled reactor
This Chapter investigates the nitrate reduction and methane production capabilities of 
the biomass obtained from different zones of the reactor in batch assays.
29
Chapter 1: Introduction
Chapter 7 -  Physical and microbial ecology of anaerobic granules
This Chapter discusses the importance of granular morphology in determining granular 
properties, microbial ecology of granules and the effect of phase separation on the 
microbial characteristics of granular sludge in a GRABBR.
Chapter 8 -  Combined integrated system for brewery wastewater treatment
This part of the thesis elucidates the practical application of the reactor for carbon and 
nitrogen removal, with a nitrification system installed downstream, using brewery 
wastewater.
Chapter 9 -  General Discussion
This Chapter concludes the main findings of this research with recommendations for 
future work.
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CHAPTER 2
MATERIALS AND METHODS
This chapter describes the reactor design, feed description, analytical methods, 
equipment details and chemicals used in this study.
2.1 LABORATORY-SCALE REACTOR SET-UP
A rectangular shaped bench-scale granular bed baffled reactor (GRABBR) 
configuration, designed for this research project, was made of perspex and is shown in 
Figure 2.1. The other materials used during the construction of the reactor include 
silicon glue, screws, TEFEN Food Grain Nylon blanking plugs and taper male % hose 
tails. The reactor was divided into five equal sized compartments, separated by vertical 
baffles alternatively hanging and standing, in order to achieve phase separation 
characteristics within the system. The reactor dimensions were 50 cm (L) X 12 cm (W) 
X 32 cm (H) with an effective working volume of 10 litres. The depth of the feed in the 
reactor was 25 cm. The thickness of the standing and hanging baffles were 1.2 cm and
0.6 cm respectively. The bottom of each hanging baffle was angled at 45° to distribute 
the flow towards the centre of the upcomer (second half of the compartment). Sampling 
ports were provided for liquid and gas collection. A constant temperature of 35°C was 
obtained by recirculating heated water through a water jacket attached to the reactor. 
The raw wastewater (influent) was pumped into the reactor by using variable speed 
Masterflex peristaltic pump (Bemant, Barrington USA). Treated effluent level and 
excess solids washout were controlled using a U-tube at the effluent discharge point.
2.2 SYNTHETIC FEED
Glucose was the main source of organic carbon in the synthetic feed used in the study. 
A concentrated stock solution was initially prepared and diluted to the correct strength.
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The composition of the feed is shown in Table 2.1. All chemicals were supplied by 
Fisher Scientific, UK. Sodium bicarbonate was the main component for buffering the 
system as it has several advantages over other forms of chemicals for controlling the pH 
(McCarty, 1964). Throughout the experiment the pH of the feed was about 8.3.
Gas collection
50 cm
Figure 2.1 Schematic diagram of five-compartment granular bed baffled reactor. 
Table 2.1 Composition of synthetic wastewater.
Component Concentration (mg l'1)
Glucose (C6H12O6) 5000
Ammonium hydrogen carbonate (NH4HCO3) 1000
Potassium di-hydrogen phosphate (KH2PO4) 400
Sodium hydrogen carbonate (NaHCCb) 2500
Magnesium sulphate (MgSCU) 5
Ferric chloride (FeCb) 5
Calcium chloride (CaCb) 5
Potassium chloride (KC1) 5
Cobalt chloride (C0CI2) 1
Nickel chloride (NiCb) 1
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2.3 BREWERY WASTEWATER
The brewery wastewater was obtained from the tank bottoms of a local brewery. The 
principal stages in brewing beer are mashing, boiling and fermentation followed by 
cooling, clarification, pasteurisation and packaging. The tank bottom wastes were the 
remains at the bottom of the fermentation and maturation vessels after the beer has spent 
some time in these vessels during the brewery process. Waste yeast is produced in the 
fermentation tanks. This waste is passed to maturation vessels where beer is held for a 
period of time in order to improve its flavour and to allow any remaining yeast to settle. 
The raw wastewater contained chemical oxygen demand (COD) of 115000 to 125000 
mg l'1, total suspended solids of 1550 to 1750 mg l'1, volatile suspended solids of 1400 
to 1600 mg l'1 and pH of 4.25. The wastewater was diluted to the required strength, with 
the addition of sodium hydrogen carbonate (NaHC03) and ammonium hydrogen 
carbonate (NH4HCO3) to provide buffering in the system and nutrient in the feed. For 
combined denitrification and anaerobic digestion studies in the GRABBR, ammonium 
chloride (NH4C1) was also added to the brewery feed to simulate an average ammonium 
concentration of 382 mg l"1. The average pH of the feed was about 8.10. The brewery 
waste was stored in a closed container (under anaerobic conditions) at 4°C in order to 
minimise changes in feed characteristics.
2.4 SEED SLUDGE
Granular sludge was obtained from a 1600 m3 upflow anaerobic sludge blanket (UASB) 
reactor in Aberdeen UK, operating under mesophilic conditions (35°C). The UASB 
system has been in operation for more than 10 years and is used to treat paper mill 
wastewater. The sampling point for granules was 2 m above the bed of the UASB 
reactor. The UASB reactor was operating at an organic loading rate (OLR) of 12 kg 
COD m*3 d’1 and hydraulic retention time (HRT) of 8 hrs, with a COD removal 
efficiency of 66%, when the granular sludge sample was collected for synthetic glucose 
wastewater studies. While the reactor was operating at an OLR of 16 kg COD m d' (6 
hrs HRT), with COD removal efficiency of 67%, seed granules were collected for 
brewery wastewater study.
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2.5 ANALYTICAL METHODS
2.5.1 Chemical Oxygen Demand
Total COD and soluble COD (SCOD) were determined using a colorimetric method on 
a Direct Reading DR/2000 Spectrophotometer (Hach, Loveland USA) as described in 
Hach (1992). Palintest COD vials (mercury-free digestion solution) were used as COD 
reagent containing sulphuric acid (84%), potassium dichromate (<1%) and silver 
sulphate (<1%). The samples (vials) were heated (digested) in a COD reactor (Hach, 
Loveland USA) for 2 hrs at 150°C. The spectrophotometer was operated at a 
wavelength of 620 nm with method number 950 (Hach, 1992). Filtrate samples for 
SCOD were obtained by filtering liquid samples through 1.2 pm glass microfibre GF/C 
filter papers (Whatman, Maidstone UK).
2.5.2 pH
pH values were obtained using pH meter M240 (Coming, Sudbury UK) fitted with Ross 
pH Combination electrode 8102 (Orion, Beverly USA). The pH meter was calibrated 
with Fisher Scientific, UK, buffer tablets (pH 4 and 7) before each set of measurements.
2.5.3 Volatile Fatty Acids
Volatile fatty acids (acetate, propionate, butyrate and valerate) were determined using a 
Unicam 610 series Gas Chromatograph (GC) with autojector and PU 4811 computing 
integrator. The GC column was 2 m x 2 mm inside diameter glass packed with 10% AT 
- 1000 on 80/100 Chromosorb W -  AW, with a column temperature of 140°C on Flame 
Ionization Detector (FID). The carrier gas was nitrogen at a flow rate of 20 ml min'1 at 
180°C.
2.5.4 Ammoniacal Nitrogen
Ammoniacal nitrogen (NH4+-N) was determined using a basic ion selective meter
(Thermo Orion, Beverly USA) fitted with ammonium combination glass body electrode
(Cole-Parmer, Vernon Hills USA). The electrode was filled with 0.1 M sodium chloride
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(NaCl) solution. The standard ammonium chloride (NH4CI) solutions of 10*4 M NH4CI, 
10'3 M NH4CI and 10'2 M NH4CI were used for calibration. During all measurements, 2 
ml of 5 M NaCl was added as ionic strength adjuster (ISA) to every 100 ml of standard 
solutions or sample. The concentration of ammoniacal nitrogen was determined from a 
calibration curve, which is a plot of electrode potential in millivolt versus ammonium 
concentration.
2.5.5 Gas Composition and Volume
Gas volume was measured using a water displacement method. Composition of the gas 
for reactor study was measured using LFG 20 gas analyser (Analytical Development 
Company, Hoddesdon UK).
For batch study, gas composition (methane and carbon dioxide) was measured on a 
Becker model 403 with Unicam 4815 computing integrator on thermal conductivity 
detector (TCD). The column was 2 m x 4 mm inside diameter metal packed with 
Porapak Q, with a column temperature of 55°C. The carrier gas was helium at a flow 
rate of 50 ml min'1 with an injection temperature of 66°C.
2.5.6 Solids
The total suspended solids (TSS) and volatile suspended solids (VSS) were determined 
according to Standard Methods (APHA, 1992). The TSS were determined by drying the 
samples at 105°C in the oven, while the VSS were measured by igniting the samples, 
obtained after oven drying, in the muffle furnace at 550°C. Ash was calculated as the 
difference between TSS and VSS.
2.5.7 Nitrate and Nitrite Nitrogen
For the reactor study, nitrate nitrogen (NO3-N) and nitrite nitrogen (NO2-N) were 
determined using the colorimetric method on Direct Reading DR/2000 
Spectrophotometer (Hach, Loveland USA) as described in the Hach (1992). The 
cadmium reduction method and ferrous sulphate method were used for nitrate and nitrite 
determination by using Hach NitraVer 5 nitrate reagent powder pillows and Hach
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NitriVer 2 nitrite powder pillows, respectively, for 25 ml sample. The samples were 
mixed with respective reagent powders for 1 min and left for 5 min for reaction. The 
nitrate nitrogen concentration on spectrophotometer was measured at a wavelength of 
500 nm with method number 355 (Hach, 1992). While, the nitrite nitrogen 
concentration was measured at a wavelength of 585 nm with method number 373 
(Hach, 1992).
For batch studies, nitrate and nitrite were measured by injecting samples into 0.2 pm 
syringe filters on DX-100 Ion Chromatograph with Dionex 4400 integrator with 
conductivity detector. The analytical column was an Ionpac AS4A (4 x 250 mm) and 
guard column was an Ionpac AG4A (4 x 50 mm). Both columns were in series and 
samples were initially passed through the guard column before analysed by the 
analytical column. The eluent was made as a concentrated solution of Sodium carbonate 
(19.078 g) and sodium bicarbonate (14.282 g) in a litre of distilled water. The final 
diluted concentration of 1:100 was used as chromatograph eluent. The pump flow rate 
was 2 ml min'1.
2.5.8 Analytical Profile Index 20 E
A Gram staining technique on pure cultures was adopted from Lim (1989). The detailed 
procedure of Analytical Profile Index (API) 20 E was adopted from bioMerieux sa 
(1998). Gram staining and API 20 E test were performed on pure cultures grown by 
aseptic techniques for microbial identification of non-granular white microorganisms. 
Pure cultures were obtained on the petri dish for both tests. Samples were obtained from 
upstream compartments of the GRABBR, where the occurrence of such biomass was 
relatively high in the reactor.
2.5.9 Buoyant Density
Buoyant density of the granules was calculated by measuring the weight of tissue-dried 
granules to remove extra granular water and submerging the same amount in the 
distilled water (Hulshoff Pol et al., 1986). The weight of tissue-dried granules was 
measured in a pre-weighed volumetric cylindrical flask. The granules were then
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submerged with distilled water until the top layer of granules was just covered. The 
volume of added water was deducted from the total volume when granules were 
submerged to obtain the volume of granules. The buoyant density of granules was 
measured as mass of granules per unit volume.
2.5.10 Particle Size Distribution
Particle size distribution was analysed by using the vernier measuring microscope 
(Baker, London UK) on 150 granules used as seed sludge from the UASB system. 
Microscopic studies were carried out by placing granules on the glass slide, which was 
then placed on the stage plate to measure the long and short axes of each granule as 
shown in Figure 2.2. These observations were made by moving the slide for each 
granule to measure one of the axes and then moving the slide at an angle of 
approximately 90° for the measurement of other axis. In order to validate the accuracy 
of results of observed number of samples in this study, statistical analysis was 
performed by plotting the standard Y-error bars as standard deviation for each set of bar 
data.
Individual plates of granules were obtained by placing granules on standard microscopic 
slide. Images were taken by using a Quantimet-600 image analyser (Leica, Milton 
Keynes UK).
Figure 2.2 Schematic definition of long and short axis of granules measured by 
vernier measuring microscope.
2.5.11 Transmission Electron Microscope
Granular samples were fixed overnight in Eppendorff tubes containing a buffer solution 
of 0.1 M sodium cacodylate (pH 7.2) with 2.5% v/v glutaraldehyde at 4°C. Samples
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were washed twice in cacodylate buffer solution and fixed with 1% v/v osmium 
tetraoxide. The samples were then washed twice in distilled water for 30 mins. Uranyl 
acetate solution (2% v/v) was then added to the samples and left overnight. The samples 
were then rinsed twice with distilled water for 30 mins. Granules were then dehydrated 
through a graded ethanol series. Granules were infiltrated with 1:1 (v/v) mixture of 
propylene oxide and Durcupan resin (Sigma) on a rotary wheel (4 rev min'1) for 2 hrs at 
room temperature. The granules were then infiltrated with 100% Durcupan resin 
overnight and then placed in a 60°C oven with fresh resin for 24 hrs to polymerise the 
resin. Thin sections (approximately 80 nm) of resin fixed granules were cut on a 
Reichart OMU-3 ultramicrotome fitted with a diamond knife and collected on 50 mesh 
pioloform coated copper grids. After staining with uranyl acetate and lead citrate, 
sections were examined with a JEOL 1200 EX TEM operating at 80 kV.
2.5.12 Scanning Electron Microscope
Granular samples were fixed overnight in Eppendorff tubes containing a buffer solution 
of 0.1 M sodium cacodylate (pH 7.2) with 2.5% v/v glutaraldehyde at 4°C. Samples 
were washed twice in cacodylate buffer solution and fixed with 1% v/v osmium 
tetraoxide. The samples were then washed twice in distilled water for 30 mins. Uranyl 
acetate solution (2% v/v) was then added to the samples and left overnight. The samples 
were then rinsed twice with distilled water for 30 mins. The fixed granules were cleaved 
by quick frozen infiltration in liquid nitrogen using a mortar and pestle. Granules were 
then dehydrated through a graded ethanol series and then washed twice with acetone for 
30 mins. Critical point drying was achieved in a BAL-TEC Critical Point Dryer CPD 
030. Granules were mounted on aluminum stubs using double-sided carbon tabs and 
coated with 30 nm of Au/Pd in a Cressington high-resolution sputter coater 208HR. The 
specimens were examined with a Hitachi S-4700 field emission scanning electron 
microscope (FE-SEM) operating at 5 kV.
2.6 STATISTICS
Experimental data presented in Chapters 3, 4, 5, 6 and 8 were derived from the mean of 
triplicate data sets. In Chapter 7, standard Y-error bars were plotted as the standard 
deviation of each set data points (Figures 7.2 and 7.3).
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CHAPTER 3
PERFORMANCE OF GRANULAR BED 
BAFFLED REACTOR AT VARIOUS 
LOADING RATES
This chapter evaluates the performance o f the granular bed baffled reactor in terms o f 
treatment efficiency, occurrence and effectiveness o f phase separation, and the 
characteristics o f granular biomass in the different phases at various operational 
conditions. This study was carried out by initially starting the reactor at a low organic 
loading rate, and loading rates were steadily increased by shortening the hydraulic 
retention time to finally operate at high load.
3.1 INTRODUCTION
Anaerobic treatment of wastewater at high loadings may lead to accumulation of 
intermediate acid products, thus providing an unfavourable environment for 
methanogenesis due to the consequential decrease in the pH (Pohland and Bloodgood, 
1963; Cohen et al., 1982; Anderson et al., 1994). In order to obtain an improved 
treatment performance for high strength wastewater in anaerobic reactors, separation 
between acidogenesis and methanogenesis may have to be attained in order to minimise 
the potential inhibitory effect of excessive accumulation of by-products of the former on 
the latter. In order to overcome this problem a two-phase anaerobic digestion system has 
been proposed (Pohland and Ghosh, 1971; Cohen et al., 1980 & 1982; Dinopoulou and 
Lester, 1989; Anderson et al., 1994; Ince, 1998; Shin et al., 2001), one phase 
responsible for acid formation and another optimised for only methane production. In 
each of these two-phases, carried out in different units, optimum environmental 
conditions for each group of microorganisms can be maintained. However, the main
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disadvantage of achieving two-phase conditions in separate systems is the high cost of 
the treatment process, as two serial units are installed with associated operational and 
maintenance requirements (Vandevivere et al., 2002). In order to overcome the above 
problem, a type of reactor system is required, which not only can provide phase 
separation, where different groups of microbes can live separately at minimal capital 
and operational costs, but also are capable of treating the high strength wastewater to 
high standards. It is believed that a single unit multi-phase plug flow granular bed 
system would bring about greater reactor stability in terms of efficiency and reliability 
for treating high strength wastewaters, and also overcome the above problems 
associated with two-phase systems.
The study outlined in this chapter was aimed at investigating the performance of the 
granular bed baffled reactor (GRABBR) at various organic loading rates (OLRs), 
particularly at high OLR (short hydraulic retention time, HRT), in terms of treatment 
efficiency, occurrence and effectiveness of phase separation, and the characteristics of 
granular biomass in the different phases within the reactor. This study was carried out 
using a synthetic glucose feed at 35°C.
3.2 EXPERIMENTAL DESIGN
The reactor was inoculated with 2 litres of granular sludge, equivalent to 20% of the 
reactor working volume. The GRABBR was left with seed sludge for 1 day at 35°C so 
that seed sludge would adapt to the new environment. During the entire length of the 
reactor operation, the concentration of the feed was kept constant, and the OLR was 
varied by varying the HRT. The reactor was started with an OLR of 1 kg chemical 
oxygen demand (COD) m'3 d'1, which corresponded to an HRT of 120 hrs. Loading rates 
of 1.25, 1.7, 2.5, 5, 10 and 20 kg COD m'3 d 1, corresponded to HRTs of 96 hrs, 72 hrs, 
48 hrs, 24 hrs, 12 hrs and 6 hrs, were initiated at days 20, 31, 34, 43, 73 and 93, 
respectively. The hydraulic loading rates in this study varied from 0.2 to 4 m3 m'3 d'1. 
The reactor was operated continuously for 148 days. HRTs were only reduced (or OLRs 
increased) when steady state conditions were obtained for the existing loading rates. In 
general, steady state condition was believed to have been achieved when relatively
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small variation in the levels of determinants within the compartments for three different 
samples, sampled during three retention times of the applied load, was observed. The 
data points presented in Figures 3.2, 3.3, 3.4 3.5, 3.6 and 3.7 were based on the sample 
analysis obtained just before applying increment in the loading rate. Samples were 
collected at regular intervals and no effluent recirculation was carried out throughout the 
study. There was also no effluent settling prior to discharge.
3.3 RESULTS AND DISCUSSION
3.3.1 Soluble Chemical Oxygen Demand Removal
The soluble COD (SCOD) concentrations in different compartments during various 
operational conditions for the entire length of the study are shown in Figure 3.1. The 
effluent SCOD removal efficiency was 96% to 98% during all applied loadings at 
steady state conditions. The contribution to final SCOD removal by each compartment 
of the reactor under various loading conditions is shown in Figure 3.2. SCOD removal 
efficiency of over 84% was obtained in the first compartment of the reactor for OLRs of 
1 to 5 kg COD m'3 d 1, with effluent SCOD removal of 97% to 98%. At an OLR of 10 
kg COD m'3 d'1 (12 hrs HRT), the first and second compartments contributed individual 
SCOD removal of 37% and 50%, respectively, with an overall SCOD removal of 98% 
by the entire system. A marked decrease in SCOD removal was recorded when the OLR 
was initially increased from 10 to 20 kg COD m'3 d'1, with an effluent SCOD removal 
efficiency of 61% (Figure 3.1). At steady state, all compartments accounted noticeably 
for SCOD removal at an OLR of 20 kg COD m'3 d 1 (6 hrs HRT).
At lower loading rates (up to 5 kg COD m"3 d"1) or long HRTs, the reactor operated as 
one completely mixed unit without any noticeable phase separation. Phase separation in 
the reactor occurred at high loading rates (or short HRTs) due to the inability of the 
initial compartments to completely treat the wastewater caused by the increased load in 
a relatively short interval of time. Phase separation was particularly observed at an OLR 
of 20 kg COD m'3 d 1, resulting in mainly acidogenesis occurring in the upstream 
compartments (causing a relative decrease in SCOD removal efficiency of these
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compartments) and methanogenesis in the downstream compartments, converting the 
high amount of volatile fatty acid (VFA) produced in the upstream compartments to 
methane.
5000
4000
3000
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100
Figure 3.1 Soluble chemical oxygen demand (SCOD) concentrations in each 
compartment of granular bed baffled reactor at different organic loading rates: (■) 
Compartment 1, ( • )  Compartment 2, (A) Compartment 3, (♦) Compartment 4, (X) 
Compartment 5, (O) percentage total SCOD removal during the length of reactor 
operation. Organic loading rates of 1, 1.25, 1.7, 2.5, 5, 10 and 20 kg COD m'3 d'1 were 
initiated at days 1, 20, 31, 34, 43, 73 and 93 respectively.
3.3.2 Volatile Fatty Acid Profile
Due to the high SCOD removal efficiency observed for OLRs of 1 to 5 kg COD m'3 d'1, 
there were no appreciable VFAs recorded at these OLRs in the compartments. An
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increase in OLR from 5 to 10 kg COD m'3 d'1 produced noticeable amount of VFA in 
the first compartment, and thereafter a drop in acid levels was observed downstream of 
the reactor. Marked VFA concentrations were observed in the compartments when the 
OLR was increased from 10 to 20 kg COD m'3 d"1. The total VFA concentration in the 
second compartment was found to be higher than in the first compartment at OLR of 20 
kg COD m'3 d'1, and thereafter a gradual decrease in VFA levels was observed 
downstream of the reactor. The total VFA profile at OLRs of 10 and 20 kg COD m'3 d'1 
in the system is shown in Figure 3.3.
Compartment
Figure 3.2 Percentage soluble chemical oxygen demand (SCOD) removal 
contributed by each compartment of granular bed baffled reactor at different organic 
loading rates: ( • )  20 kg COD m'3 d 1, (A) 10 kg COD nf3 d 1, (■) 5 kg COD nf3 d 1, (♦)
2.5 kg COD nf3 d \  (A ) 1.7 kg COD rn3 d 1, (□) 1.25 kg COD m'3 d 1, (O ) 1 kg COD nf 
3 d'1.
Figures 3.4 and 3.5 show the levels of intermediate VFA products in each compartment 
at OLRs of 10 and 20 kg COD m'3 d'1, respectively. An increase in acetate and butyrate 
levels was observed when the OLRs were increased from 10 to 20 kg COD nf3 d"1.
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Valerate also accounted for total VFA in the early compartments for both loading rates 
with a maximum value of around 100 mg l'1. Acetate levels were higher than other acid 
products in all the compartments for applied loads. Propionate levels were recorded 
greater than butyrate, until at an OLR of 20 kg COD m'3 d'1, butyrate concentrations 
were higher in the upstream compartments. This phenomenon was also observed at high 
loads by other authors (Nachaiyasit and Stuckey, 1997a).
Compartment
Figure 3.3 Total volatile fatty acid (VFA) (acetate, propionate, butyrate and 
valerate) profile in each compartment of granular bed baffled reactor at organic loading 
rates of (O) 10 kg COD rn3 d 1 and ( • )  20 kg COD m 3 d 1.
Higher levels of VFAs were detected in the front compartments (near the influent point) 
at high loads and it decreased downstream of the reactor as shown in Figures 3.4 and
3.5. The fall in the acid concentrations down the reactor is indicative of the increased 
activities of mainly the methanogenic population in the latter compartments (near the 
effluent point) of the reactor. A noticeable decrease in the effluent quality was observed 
when loadings were initially increased from 10 to 20 kg COD m'3 d'1 (Figure 3.1). This 
was believed to be due to a sudden increase in VFA concentrations, which was probably 
excessive for methanogenesis at the time. However, the methane forming microbes
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quickly adapted to the increased VFA as indicated by the high effluent SCOD removal 
at steady state. This production of acid in the upstream compartments and its 
consumption in the downstream compartments at high load, encouraged acidogenesis 
and methanogenesis to flourish in these respective compartments. The effect of 
increasing the loading rate was thus to increase the acidogenic zone at the expense of 
the methanogenic zone.
Compartment
Figure 3.4 Profile of intermediate volatile fatty acid products in each compartment 
of granular bed baffled reactor at organic loading rate of 10 kg COD m'3 d'1: ( • )  acetate, 
(A) propionate, (■) butyrate, (♦) valerate.
3.3.3 pH
At lower loadings (1 to 5 kg COD m"3 d"1), pH changes were moderate in all the 
compartments of the system as shown in Figure 3.6. When the OLR was increased to 10 
kg COD m'3 d'1, there was a marked fall in the pH of only the first compartment. The 
noticeable decrease in the pH was observed in almost all the compartments (except the 
last compartment) when the OLR was doubled from 10 to 20 kg COD m'3 d'1. This was 
expected because of the production of more intermediate acid products at high OLRs in
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the upstream compartments. In general, pH values increased down the reactor (near 
effluent point) due to the degradation of VFA in these compartments. The pH profile is 
a further indication of the degree of phase separation created within the system.
Compartment
Figure 3.5 Profile of intermediate volatile fatty acid products in each compartment 
of granular bed baffled reactor at organic loading rate of 20 kg COD m'3 d'1: ( • )  acetate, 
(A) propionate, (■) butyrate, (♦) valerate.
3.3.4 Ammoniacal Nitrogen
A decrease of up to 30% in ammoniacal nitrogen (NH4+-N) of the raw synthetic feed 
was observed in the first compartment, and thereafter very little change in ammoniacal 
nitrogen concentrations was observed downstream of the reactor. This amount of 
nitrogen was believed to be assimilated for the synthesis of new microbial growth 
mainly in the first compartment. This difference was apparent in the abundance of 
whitish non-granular microbial mass produced in the upstream compartments. The 
production of a newly formed microbial population was less obvious downstream of the 
reactor and might be the reason for very little change in ammoniacal nitrogen
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concentrations in the rear compartments of the reactor, an indication of the differential 
growth characteristics of the populations in the front and rear compartments.
Figure 3.6 pH profile in the compartments of granular bed baffled reactor at 
different organic loading rates: ( • )  20 kg COD m'3 d'1, (A) 10 kg COD m'3 d'1, (■) 5 kg 
COD m'3 d'1, (O) 2.5 kg COD m'3 d'1, (A) 1.7 kg COD m'3 d'1, (□) 1.25 kg COD m'3 d'1, 
(O) 1 kg COD nf3 d 1.
3.3.5 Gas Production and Composition
The overall gas production increased with increase in OLR, varying from 6 to 115 Id '1 
as OLRs were increased from 1 to 20 kg COD m'3 d'1. Although biogas production 
increased, the proportion of methane production decreased with increase in OLR as 
shown in Figure 3.7, probably due to the increase in acidogenic activities. Methane
yield varied from 0.30 to 0.38 m3 CH4 kg'1 CODremoved, with higher loads causing a 
decrease in the yield.
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Figure 3.7 Methane production ( • )  and composition (O) of granular bed baffled 
reactor for organic loading rates of 1 to 20 kg COD m'3 d'1 at steady state conditions.
3.3.6 Effect of Phase Separation on Granular Bed
Different characteristics of the granular sludge bed were observed in the acidogenic and 
methanogenic dominant zones of the GRABBR as shown in Figure 3.8. Granule 
flotation and breaking* were observed in the front compartments of the GRABBR, 
where acidogenesis was the dominant activity. Breaking of granules caused an increase 
in non-granular biomass in these compartments. Similar observations has been made 
when treating whisky wastewater using the GRABBR (Akunna and Clark, 2000). On 
the other hand, most of the granular sludge in the rear compartments of the reactor, 
where methanogenesis was dominant, retained their original structure. This marked 
difference in the physical properties of biomass in different microbial environment 
would not have been more clearly observed in a completely mixed system, where all 
microbial populations exist in one mixed environment without any phase separation.
* The process of disintegration or breakdown of a granule (Pereboom, 1994)
48
Chapter 3: Performance of GRABBR at Various Loading Rates
(3.8b)
Figure 3.8 (a) Provided granular bed at the start of reactor operation at day 8
(operating at organic loading rate of 1 kg COD m'3 d 1). (b) Continuous reactor operation 
for 148 days, while treating organic loading rates of 1 to 20 kg COD m'3 d 1, caused 
breaking and flotation of granular sludge in the upstream compartments with the 
formation of white mass identified as mainly Klebsiella pneumoniae.
When the GRABBR was initially started, the original dark seed granular sludge was the 
only biomass in all the compartments. Soon after start-up, white sticky mass started to 
form in the first compartment and spreading downstream with decreasing HRT 
(increasing OLR). This biomass was either lying free (not adhered to granules) or 
attached as a layer on a number of granules. Most of the granules covered in white 
biomass remained in the upstream compartments. Due to the sticky nature of this 
biomass, some granules were clustered. Most of the granules covered in white biomass 
ended up breaking with time. Though traces of these new cells were observed in the
(3.8a)
8.6 cm
!◄--------------- ►!
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methanogenic dominant zone (downstream compartments), their presence in these 
compartments was mainly due to their washout from early compartments.
Washout or breaking of granules in the acidogenic phase of staged digestion systems 
has been reported (van Lier et al., 1996; Rebac et al., 1998). These authors noted that 
the formation of attached ‘fluffy layer’ on the granules due to excessive growth of 
acidogenic populations can enhance granule flotation. In this study, the deterioration of 
the seed granular structure occurred in the upstream compartments of the GRABBR 
receiving mainly glucose, while the granular structure was retained in the downstream 
compartments receiving mainly VFA. Thus, the formation of non-granular biomass was 
believed to be mainly associated with fermentative substrates. Hydrophobicity has been 
reported to play a key role in the aggregation of bacterial species (van Loosdrecht et al., 
1987a & 1987b), and thus resulting in granule formation (Grotenhuis et al., 1992). 
Methanogens are mainly hydrophobic cells (Grotenhuis et al., 1992; Daffonchio et al., 
1995; Thaveesri et al., 1995), and it is believed that these microorganisms played an 
important role in maintaining granular consortia in the downstream compartments of the 
GRABBR. In this study, aggregation of seed granules was not favoured in the 
environment dominated by fermentative activities. This environment was mainly 
dominated by acidogenic organisms, predominantly hydrophilic cells (Thaveesri et al., 
1995; Daffonchio et al., 1995), and thus resulted in species dispersion out of granular 
structure into the liquid phase.
Effluent total suspended solids (TSS) concentrations were in the range of 40 to 240 mg 
l'1. At high loading rates, newly formed non-granular microbial mass and the debris of 
broken granules contributed to most of the effluent solids, although most of them were 
withheld by the denser granular sludge in the methanogenic zone.
3.3.7 Non-granular Biomass Identification
The whitish non-granular biomass formed in the acidogenic-dominant compartments 
were found to be Gram-negative cells by Gram stain. Analytical Profile Index (API) 20 
E test was conducted on the pure cultures for the identification of Enterobacteriaceae
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and other non-fastidious Gram-negative bacteria. Further identification by API 20 E 
revealed the closest match to be Klebsiella pneumoniae (identification number 5005773, 
with 83% probability), which is also called Friedlander’s bacillus. Most strains of this 
Enterobacteriaceae genus can use citrate and glucose as a sole carbon source. They 
have the capability of fermenting glucose with the production of acid and gas. These 
rod-shaped bacteria produced large sticky colonies when plated on nutrient media, as 
also reported in the literature for such species (Brenner, 1984). They are facultatively 
anaerobic, tolerant to low levels of dissolved oxygen, having both a respiratory and a 
fermentative type of metabolism (Brenner, 1984). These characteristics are also 
associated with acidogenic bacteria.
3.4 SUMMARY AND CONCLUSIONS
The GRABBR encouraged phase separation by accommodating different microbial 
populations in different compartments according to their favourable substrate 
conditions, thus operating as a two-stage anaerobic digestion system. This highlighted 
the main property of the plug flow compartmentalised design of the granular bed 
reactor. At low OLRs (up to 5 kg COD m'3 d'1), the GRABBR behaved as a ‘one-unit’ 
system, utilising only one compartment for complete treatment. The number of 
compartments involved in the treatment increased with increase in OLR. At high 
loadings, phase separation became more apparent because each compartment of the 
reactor acted as a specialised treatment unit, with acidogenesis dominating the upstream 
compartments and methanogenesis the downstream compartments. This provided 
optimal environmental conditions for acidogenic and methanogenic activities, which 
consequently enhanced process efficiency of the system. Increase in OLRs caused an 
increase in the acidogenic zone and decrease in the methanogenic zone. Results of this 
study suggest that the GRABBR was able to achieve high SCOD removal (96% to 98%) 
at high OLRs (up to 20 kg COD m'3 d'1) with low biomass washout because of its phase 
separation capability and granular bed characteristics, with optimum contact between 
the wastewater and the biomass. Table 3.1 shows that the performance of the GRABBR 
compares favourably well with other anaerobic treatment systems at high loads.
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Higher concentrations of acetate and butyrate were observed in the upstream 
compartments of GRABBR at high OLR (20 kg COD m'3 d"1), combined with low pH in 
these compartments. McCarty and Mosey (1991) considered anaerobic fermentation of 
carbohydrates as a competition between butyrate and propionate producing bacteria, 
with the former dominant at low pH. This could be the reason for butyrate being higher 
than propionate. In other studies (Zoetemeyer et al., 1982; Inane et al., 1996; Horiuchi 
et al., 2002), the dynamics of the microbial population in the acidogenic zone appeared 
to be dependent on the pH of the medium, as also observed in the upstream 
compartments (acidogenic dominant phase) of this study at high load.
The formation of non-granular microbial mass was observed along with granule 
breaking and flotation in the compartments where acidogenesis was dominant, whilst 
the original seed granular structure was retained and accumulated in the methanogenic 
zone. The whitish microbial mass dominant in the acidogenic zone was identified as 
Gram-negative Klebsiella pneumoniae, a facultative anaerobic microorganism (a 
property also associated with acidogenic bacteria). It is believed that the substrate 
conditions in the upstream compartments encouraged the proliferation of these 
microorganisms. The growth rate of newly formed microorganisms increased with the 
increase in OLR. In general, the results of this study suggest that acidogens are mainly 
dispersed biomass forming microorganisms with hydrophilic characteristics, while 
methanogens initiate granule formation with hydrophobic properties. This study also 
showed that the GRABBR could minimise biomass washout even at relatively short 
HRTs. This is probably because in the GRABBR, the denser methanogenic granular 
sludge possessed good settling characteristics, and in the form of sludge bed it also 
acted as a filtration bed for the non-granular biomass formed upstream of the reactor.
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Table 3.1 Performance of various anaerobic systems under high loading rates at mesophilic conditions.
Substrate Reactor type OLRa
(kg COD m'3 d'1)
HRTb
(hrs)
CODc removal 
efficiency (%)
Reference
Sucrose-protein ABRd 2-20 79-82 Bachmann et al., 1983
Sucrose-protein ABR 2.5-36.2 4.8-71 55-93 Bachmann et al., 1985
Sucrose-protein ABR 1.2-19.2 5-80 55-96 Grobicki and Stuckey, 1991
Glucose UASBe 2-15 12 <50-97 Bae etal., 1997
Sucrose-protein ABR 4.8-18 20 90-98 Nachaiyasit and Stuckey, 1997a
Sucrose-protein ABR 4.8-19.2 5-20 52-98 Nachaiyasit and Stuckey, 1997b
Glucose ABR 2-20 12 72-99 Bae etal., 1997
Molasses HABRf 4.3-28 53-168 50-89 Boopathy and Tilche, 1992
Molasses UASB 2.45-23.3 48-406 72-81 Sanchez Riera et al., 1985
Molasses AF8 11-18.6 29-36 Hilton and Archer, 1988
Molasses stillage DFFRh 14.2-20.4 79.2-60 60-73 Bories et al., 1988
Slaughterhouse AFBR 2-18.5 12-120 30-85 Tritt, 1992
Pharmaceutical ABR 2.5-20 24 36-68 Fox and Venkatasubbiah, 1996
Food waste 2-phase UASB 1.8-21.4 7.9-93.6 55-96 Shin et al., 2001
Glucose GRABBR 1-20 6-120 96-98 This study
a Organic loading rate,b Hydraulic retention time,c Chemical oxygen demand,d Anaerobic baffled reactor,e Upflow anaerobic sludge blanket, 
f Hybrid anaerobic baffled reactor, 8 Anaerobic filter,h Downflow fixed film reactor, 1 Anaerobic fixed bed reactor,j Granular bed baffled reactor
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CHAPTER 4
PERFORMANCE OF GRANULAR BED 
BAFFLED REACTOR DURING RAPID 
HYDRAULIC SHOCK LOADS
This chapter describes the importance of the granular bed baffled reactor when 
accommodating unpredictable rapid hydraulic shock loads. This study was carried out 
by rapidly increasing influent flow rate with constant feed concentration.
4.1 INTRODUCTION
The performance of anaerobic processes is generally regarded as suitable for the 
treatment of steady-state wastewaters, with less variation in composition and flow. 
However, the character of the effluent from an industry can differ remarkably in time, 
due to different operations involved in industrial activities, leading to the complexity of 
waste load and flow entering a treatment unit. Due to the sensitivity of the 
microorganisms involved in the treatment process, shock loads could adversely affect 
the performance of anaerobic reactors by producing unfavourable conditions for 
microbial populations. This excessive variability of industrial wastewater, both in 
quality and quantity, can lead to an environment favourable to the growth of one 
microbial population (acidogens), which may produce conditions within the media that 
may constitute a limiting factor to the other group of organisms (methanogens). Such 
conditions encourage volatile fatty acids (VFAs) accumulation and destabilise the 
microbial ecology within the anaerobic system. This could eventually lead to system 
failure (Xing et al., 1997).
The effect of hydraulic shock loads or short hydraulic retention times (HRTs) on the 
performance of anaerobic systems has been widely reported (Bull et al., 1983; Grobicki
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and Stuckey, 1991; Boopathy and Tilche, 1991; Zhang and Noike, 1994; Boija et al., 
1995; Nachaiyasit and Stuckey, 1997b; Pozo et al., 2000). They observed that 
channelling, high biomass washout and VFA accumulation could hamper the 
performance of anaerobic systems to withstand hydraulic shock loading conditions. This 
study was designed at evaluating the stability of the granular bed baffled reactor 
(GRABBR) in terms of efficiency and reliability during shock load conditions created 
by a rapid increase in hydraulic (and organic) loadings. The study was carried out with 
synthetic glucose wastewater under mesophilic conditions.
4.2 EXPERIMENTAL DESIGN
This study was conducted by inoculating the reactor with 3 litres of granular sludge. 
After seeding the reactor, it was left with the inoculum for 1 day at 35°C so that the 
granular sludge would adapt to the new environment. Shock loads were created by 
doubling the hydraulic loading rates in very short intervals of time, while maintaining 
the constant feed concentration. The reactor was started with an organic loading rate 
(OLR) of 2.5 kg COD m'3 d"1, which corresponded to an HRT of 48 hrs. Organic 
loading rates of 5, 10 and 20 kg COD m'3 d'1 were achieved by applying HRTs of 24 
hrs, 12 hrs and 6 hrs respectively. The system was operated continuously for 33 days. 
Organic loading rates were increased when a relatively small variation in the soluble 
COD (SCOD) of the final effluent for three different samples was observed, hence 
referred to as steady-state conditions in this study. The results presented in Figures 4.2,
4.3 and 4.4 were based on the sample analysis obtained just before changing the loading 
rate. No effluent recirculation was carried out throughout the study and there was also 
no effluent settling prior to discharge.
4.3 RESULTS
4.3.1 Soluble Chemical Oxygen Demand Removal
Dynamic response based on SCOD variations within the compartments of the GRABBR 
is shown in Figure 4.1. Although rapid increases in OLR brought about transitional 
increases in SCOD within the compartments, the final effluent SCOD (i.e. SCOD levels 
in compartment 5) remained about the same until an OLR of 20 kg COD m'3 d'1 was
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applied. Increase in OLR brought about initial instability in the compartments. 
However, the overall time required to attain steady state conditions was relatively short.
Figure 4.1 Soluble chemical oxygen demand (SCOD) concentrations in each 
compartment of granular bed baffled reactor at different organic loading rates: (□)
Compartment 1, (O) Compartment 2, (A) Compartment 3, (O) Compartment 4, (X) 
Compartment 5, ( • )  percentage total SCOD removal during the length of reactor 
operation.
The relative contributions to total SCOD removal by each compartment under different 
loading conditions are shown in Figure 4.2. Throughout the study, effluent SCOD 
removal efficiencies were measured 94% to 97% for all applied loading conditions at 
steady state. The first compartment was able to achieve 91% and 81% of SCOD
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removal at OLRs of 2.5 kg COD in 3 d' 1 (48 hrs HRT) and 5 kg COD m'3 d_1 (24 hrs 
HRT) respectively. Increasing the OLR from 5 to 10 kg COD m"3 d“' (12 hrs HRT) 
brought about a SCOD removal of only 31% in the first compartment and 18% in the 
second compartment. A SCOD removal of 25% was achieved in the first compartment 
at an OLR of 20 kg COD m'3 d"1. No noticeable reduction in SCOD removal was 
observed in compartments 2 and 3 with this rapid increase in the load. However, high 
treatment efficiencies were obtained in compartments 4 and 5, particularly in 
compartment 5, which was solely responsible for achieving 48% of SCOD removal.
Figure 4.2 Percentage soluble chemical oxygen demand (SCOD) removal 
contributed by each compartment of granular bed baffled reactor at different organic 
loading rates: ( • )  20 kg COD m'3 d"1, (A) 10 kg COD m'3 d'1, (■) 5 kg COD m'3 d 1, 
(♦) 2.5 kg COD m'3 d_1.
4.3.2 Volatile Fatty Acid Profile
Due to the high treatment efficiency recorded in the upstream compartments at OLRs of
2.5 and 5 kg COD m'3 d'1, no significant amount of VFAs were measured within the 
system at these loadings. Increasing the OLR to 10 kg COD m'3 d’1 (24 hrs HRT) 
produced a noticeable amount of VFA in the first compartment. Subsequently, a drop in
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VFA levels was observed downstream of the reactor, with almost no VFA being 
detected in compartments 4 and 5. Marked VFA levels were found in the first four 
compartments when an OLR of 20 kg COD m'3 d'1 (6 hrs HRT) was applied as shown 
in Figure 4.3. Most of these VFAs were removed in compartment 5. At this load, the 
first three compartments were believed to be dominated by acidogenesis, resulting in 
VFA accumulation. Subsequently, a decrease in VFA levels was observed downstream 
of the reactor. Acetate and butyrate were the main VFAs at an OLR of 20 kg COD m' 
d 1.
There was a general increase in pH values downstream of the reactor as shown in Figure
4.4. Increase in OLR (decrease in HRT) brought about a decrease in pH levels in the 
upstream compartments of the reactor. pH levels were around 7 or slightly more in the 
final effluent for all applied shock loads.
Com partm ent
Figure 4.3 Volatile fatty acid profile in the compartments of granular bed baffled 
reactor at organic loading rate of 20 kg COD m'3 d'1: ( • )  acetate, (A) propionate, (■) 
butyrate, (♦) valerate.
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Figure 4.4 pH profile in the compartments of granular bed baffled reactor at 
different organic loading rates: ( • )  20 kg COD m'3 d’1, (A) 10 kg COD m'3 d’1, (■) 5 
kg COD m'3 d 1, (♦) 2.5 kg COD m'3 d 1.
4.3.3 Biomass Retention
Granule breaking and flotation was observed in the upstream compartments, whilst the 
granular structure of the original seed sludge was retained in the downstream 
compartments. The reactor was able to retain high granular biomass concentration at 
high loading rates. It is worth noting that there was no effluent settling for biomass 
separation after the last compartment. Effluent total suspended solids (TSS) 
concentrations were measured in the range of 60 to 255 mg l'1. Most of the solids 
washout consisted of non-granular newly-formed microbial mass and debris of broken 
granules from the upstream compartments of the reactor. The non-granular biomass was 
also observed to be withheld within the denser granular bed. The density of the seed 
granules was calculated as 1051 kg m'3 and ash content was measured as 20%.
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4.3.4 Biogas Production
The methane content of the gas was in the range of 55% to 70% throughout the study. 
Increase in loadings brought about an increase in biogas production. The total gas 
increased from 14 to 120 1 d'1 for loading rates of 2.5 to 20 kg COD m'3 d'1.
4.4 DISCUSSION
It is evident that the GRABBR has a high tolerance to rapid hydraulic shock loads and 
requires a relatively short recovery time to attain steady state conditions (Figure 4.1). 
Rapid increments in OLR initially upset the microbial ecology of the upstream 
compartments for a short period of time, however the system recovered quickly and 
adjusted to the new loading conditions. The number of compartments actively involved 
in the treatment increased with the increase in OLR. Like the previous study (Chapter
3), the reactor behaved as one completely mixed unit at low OLR (up to 5 kg COD m'3 
d'1) or long HRT due to high treatment performance achieved in the first compartment. 
The first sign of noticeable phase separation in the reactor was observed when OLR was 
increased from 5 kg COD m’3 d'1 (24 hrs HRT) to 10 kg COD m‘3 d’1 (12 hrs HRT). 
With further rapid increase in hydraulic load, at an OLR of 20 kg COD m'3 d"1 (6 hrs 
HRT), different groups of microorganisms established in different compartments, 
acidogenesis and methanogenesis were dominant in the upstream and downstream 
compartments respectively. These conditions appeared to have ensured reactor stability 
under stressed hydraulic and organic loading conditions.
Channelling and biomass washout have been reported as the main causes of inferior 
SCOD removal at hydraulic shock load conditions in baffled systems (Grobicki and 
Stuckey, 1991; Nachaiyasit and Stuckey, 1997b). This mainly resulted in poor contact 
between microorganisms and the wastewater, and less availability of active biomass 
within the system. This inherent problem in an ABR system appears to be corrected by 
GRABBR system. High biomass retention within the GRABBR during hydraulic shock 
loads was due to the stabilised compact structure of granular sludge which has been 
reported to possess good settling characteristics (Alibhai and Forster, 1986a). The 
average density of seed granules was found to be slightly higher than that of water, 
which might have been the reason for the good settling properties of the granular sludge
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within the GRABBR along with the large particle size. High density and large particle 
size of aggregates have been associated with good settling characteristics of sludge 
(Hulshoff Pol et al., 1986; Beetfink and Heuvel, 1988). The low ash content of granular 
sludge is an indication of the more active nature of biomass in the system. These 
qualities of granular biomass seemed to have contributed to the effective treatment and 
relatively high biomass retention in the GRABBR during hydraulic shock load 
conditions. Like the previous study (Chapter 3), most of the solids washout at high flow 
rate consisted of non-granular biomass formed in the upstream compartments where 
acidogenesis was dominant. The relatively lower density and dispersed nature of 
biomass in the acidogenic dominant zone might be the reason for their easy washout.
Table 4.1 shows the performance level in terms of COD removal efficiency of the 
GRABBR in this study when compared to other studies carried out with ABR systems 
at high (shock) loads. For instance, using concentrated sucrose enriched wastewater, 
some authors have reported SCOD removal of 90% in the ABR system operating at an 
OLR of 18 kg COD m'3 d'1 at 20 hrs HRT (Nachaiyasit and Stuckey, 1997a). However, 
with less concentrated wastewater at an OLR of 19.2 kg COD m'3 d’1, these authors 
observed a SCOD removal of only 52% at 5 hrs HRT (Nachaiyasit and Stuckey, 
1997b). On the other hand, the GRABBR achieved a SCOD removal of 94% when a 
hydraulic shock load of 6 hrs HRT (OLR of 20 kg COD m'3 d'1) was applied. This 
shows the vulnerability of flocculent sludge baffled systems towards hydraulic shock 
loads or short HRTs, and potential benefits of GRABBR to withstand stressed loading 
conditions.
VFA accumulation at high shock loads produced low pH levels in the upstream 
compartments (near influent point) due to the abundance of fast-growing acidogenic 
population in this part of the system. Like the study reported in Chapter 3, the 
production of acetate and butyrate increased in the early compartments at high hydraulic 
(shock) loads. An increase in loading rates caused a shift of acidogenesis further down 
the reactor, thereby reducing the methanogenic dominant zone. The GRABBR was able 
to create substrate-induced separate zones of microbial population in different 
compartments, thereby offering more protection to the most sensitive microbial group 
(methanogens) from the adverse effects of rapid overloadings.
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Table 4.1 Performance of baffled reactors at high (shock) loads.
Substrate OLRa HRT° Days of CODc removal Reference
(kg COD m‘3 d'1) (hrs) Operation efficiency (%)
Sucrose-protein 2.5 71 22 93 Bachmann et al.,
4.2 48 28 88 1985
8.9 22 28 81
11.4 18 21 91
15.3 12 113 77
20 10 33 75
27.3 6.7 32 68
31.8 5.6 11 55
36.2 4.8 10 60
Sucrose-protein 4.8 20 96 Grobicki and
9.6 10 82 Stuckey, 1991
19.2 5 58
Sucrose-protein 4.8 20 30 97 Nachaiyasit and
9.6 20 20 98 Stuckey, 1997a
4.8 20 30 98
18 20 20 90
Sucrose-protein 4.8 20 30 98 Nachaiyasit and
9.6 10 14 90 Stuckey, 1997b
19.2 5 24 52
Glucosed 2 12 14 99 Bae et al., 1997
3 12 18 94
4.5 12 97 95
6.8 12 22 93
10 12 14 88
15 12 26 87
20 12 7 72
Molasses 4.33 168 50 89 Boopathy and
12.5 120 28 82 Tilche, 1992
20 72 25 73
28 53 21 50
Glucose 2.5 48 10 96 This study
5 24 10 96
10 12 4 97
20 6 9 94
a Organic loading rate 
b Hydraulic retention time 
c Chemical oxygen demand 
d Days in operation calculated from graph
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4.5 CONCLUSIONS
The reactor was able to attain SCOD removal efficiencies of 94% to 97% for OLRs of
2.5 to 20 kg COD m'3 d'1 (HRTs of 48 hrs to 6 hrs) at steady state conditions. This study 
demonstrated that the GRABBR system has a high tolerance to sudden increase in the 
flow rate (OLR) without compromising the effluent quality. The capability of the 
GRABBR to achieve high treatment efficiency and its high capacity storage to 
metabolise intermediate products during hydraulic shock loads were attributed mainly to 
its plug flow phase separation characteristics, and the highly active and dense nature of 
the granular bed in the reactor. The acidogenic dominant phase (upstream 
compartments) act as a protecting shield for the methanogenic dominant zone 
(downstream compartments) from adverse microbial conditions created by rapid 
hydraulic shock loads. This reactor configuration offers separation between different 
microbial groups along the reactor flow gradient, quick recovery from shock loads, high 
retention of active (granular) biomass, optimum contact between the wastewater and the 
biomass, and reduces the effect of channelling at high hydraulic shock loads.
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CHAPTER 5
COMBINED DENITRIFICATION AND 
ANAEROBIC DIGESTION IN GRANULAR 
BED BAFFLED REACTOR
This study evaluates the suitability o f the granular bed baffled reactor for combined 
denitrification and anaerobic digestion, and examines the effect o f nitrate addition in 
different zones o f the reactor.
5.1 INTRODUCTION
The feasibility of combined carbon and nitrate removal in anaerobic reactors has been 
researched with various reactor configurations (Kuroda et al., 1988; Hanaki and 
Polprasert, 1989; Akunna et al., 1992 & 1994b; Lin and Chen, 1995; Hendriksen and 
Ahring, 1996a; Chen et al., 1997; Barber and Stuckey, 2000a; Bemet et al., 2000; 
Mosquera-Corral et al., 2001; Garrido et al., 2001; Im et al., 2001). Different degrees of 
denitrification rates and methane production were obtained in anaerobic systems 
depending on the nature of the substrate, carbon to nitrogen (C/N) ratio, reactor type and 
other operational conditions.
Integration of denitrification and methanogenesis reactions in a single system has many 
advantages (as stated earlier in Section 1.7), however, due to different growth 
conditions of denitrifying and methanogenic organisms, process complications have 
been encountered. Methanogenesis has been widely reported to proceed after the 
denitrification process, i.e. after the elimination of nitrate or nitrogen oxides (Hanaki 
and Polprasert, 1989; Chen and Lin, 1993; Akunna et al., 1993 & 1994a; Lin and Chen, 
1995; Hendriksen and Ahring, 1996b). Hence, according to these authors (Akunna et 
al., 1994a, Hendriksen and Ahring, 1996b), the inhibition of methanogenesis by nitrate
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or nitrogen oxides is reversible. Nitrate or nitrite reduction is a far more energy yielding 
process than methanogenesis, therefore, carbon metabolism via denitrification is 
expected to dominate in an environment containing nitrogen oxides (Hendriksen and 
Ahring, 1996a).
The exact causes of inhibition of nitrate or nitrite to methanogens are still not very clear 
(Mosquera-Corral et al., 2001). One of the reasons for this inhibition has been explained 
as the competition between nitrate reducing bacteria and methane producing bacteria for 
a carbon source (electron donor). However, experiments carried out with excess carbon 
concentrations for combined methanogenesis and denitrification showed no such 
competition, with no methane production during denitrification process (Akunna et al., 
1993 & 1994a). Furthermore, with acetate rich media (a suitable substrate for 
methanation), similar behaviour was observed (Akunna et al, 1993).
The other reason suggested in the literature for this inhibition is the relatively high 
redox potential associated with the presence of nitrogen oxides. Methanogens are 
believed to grow under low redox potential environment. In a nitrate free environment, 
methane production was observed at redox potentials between -115 and -330 mV 
(Chen and Lin, 1993; Lin and Chen, 1995; Akunna et al., 1998). However, no methane 
production was observed at low redox potential (-300 mV) in the presence of nitrate 
(Akunna et al., 1998). Similarly in another study, at low redox potential (-400 mV), no 
methane production was observed in the presence of nitrogen oxide (Chen and Lin,
1993).
The most plausible cause of nitrate-induced inhibition of methane producing bacteria is 
the concurrent growth of denitrifying microorganisms. In batch assays, the growth of 
intermediate denitrifying microorganisms has been found to possess higher inhibition 
towards methanogenic bacteria than nitrate (Balderston and Payne, 1976; Quevedo et 
al., 1996; Clarens et ah, 1998; Kliiber and Conrad, 1998). Nitrite is reported to be a 
more inhibitory compound to methanogens than nitrate (Chen and Lin, 1993; Quevedo 
et al., 1996; Clarens et al., 1998).
Dissimilatory nitrate reduction to ammonium (DNRA) has been reported in an 
anaerobic environment (Kasper et al., 1981; Garcia, 1982; Tiedje, 1988; Akunna et al.,
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1992, 1993 & 1994a; Rustrian et al., 1997). The nature of the carbon source and C/N 
ratio influence the nitrate reduction pathway, i.e. denitrification and/or DNRA under 
anaerobic conditions (Akunna et al., 1992, 1993 & 1994a; Bemet et al., 1996a & 
1996b; Rustrian et al., 1997; Bemet et al., 2000). High chemical oxygen demand to 
nitrate nitrogen (COD/NO3-N) ratios were found to favour ammonium formation during 
nitrate reduction in the presence of fermentative type substrates, like glucose and 
glycerol, whilst denitrification was the major nitrate reduction pathway at low 
COD/NO3-N ratios (Akunna et al., 1992, 1993 & 1994a; Rustrian et al., 1997). The 
denitrification activity of anaerobic sludge has been found to increase with respect to 
ammonification as COD/(nitrate and nitrite nitrogen, NOx-N) ratio decreases with 
glucose substrate (Akunna et al., 1992). On the other hand, with non-fermentable 
carbon sources (acetate, volatile fatty acids), denitrification was found to be the major 
pathway for nitrate or nitrite reduction irrespective of the COD/NOx-N ratio (Akunna et 
al, 1993).
Most of the studies on combined denitrification and methanogenesis have been carried 
out with completely mixed reactor systems (Kuroda et al., 1988; Hanaki and Polprasert, 
1989; Akunna et al., 1992; Lin and Chen, 1995; Hendriksen and Ahring, 1996a; Bemet 
et al., 2000; Mosquera-Corral et al., 2001). Depending upon the operational conditions, 
these studies encountered problems, viz. nitrate inhibition to methanogenesis, DNRA 
and biogas as a mixture of methane and nitrogen (less useful energy source) due to no 
gas separation within the system.
The use of fixed film systems for combined denitrification and methanogenesis have 
been found promising for an integrated approach due to the fixed nature of media, 
creating zoning for different microbial activities within the system (Hanaki and 
Polprasert, 1989). Using an anaerobic upflow filter fed with varying methanol to nitrate 
ratios, Hanaki and Polprasert (1989) observed three reaction zones depending upon the 
wastewater COD/NO3-N ratio, viz. incomplete denitrification, complete denitrification, 
and complete denitrification with methane production. However, a high solids content 
in the wastewaters could limit the use of fixed film systems in combined processes due 
to clogging of filter media, which could also cause short-circuiting.
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In order to reduce nitrate inhibition to methanogenesis, two-phase anaerobic 
configurations have been investigated (Rustrian et al., 1997 & 1999; Delgenes et al., 
1998). The first phase was used for acidogenesis and denitrification process, while the 
second phase for methane production only. However, with varying nitrate loading 
conditions where high pulses of nitrates are expected, the first phase might only obtain 
partial or incomplete denitrification, and therefore nitrogen oxides could find their way 
into the second phase methanogenic reactor. Another development was the utilisation of 
the front compartments for nitrate removal in a baffled system (Barber and Stuckey, 
2000a). These authors (Barber and Stuckey, 2000a) observed complete nitrate removal, 
however 50% of the nitrate was converted to ammonia with sucrose (a fermentative 
substrate) wastewater.
From the discussion in preceding paragraphs, it is evident that completely mixed 
conditions may not provide the optimum growth environment for different microbial 
populations involved in denitrification and methane production to flourish. Therefore, 
phasing in anaerobic systems seems to be the preferred arrangement to achieve 
combined denitrification and methanogenesis with a mixed culture containing organic 
carbon and nitrate compounds. The study reported in this Chapter investigates the 
feasibility of a granular bed baffled reactor (GRABBR) for simultaneous denitrification 
and anaerobic digestion. This study will also evaluate the optimum entry point for 
nitrate addition for simultaneous denitrification and anaerobic digestion, and the effect 
of adding varying concentrations of nitrate to two different microbial zones (i.e. 
acidogenic and methanogenic dominant zones) of the GRABBR. Acidogenic and 
methanogenic dominant zones were created in the GRABBR by operating the reactor at 
a high organic loading rate (OLR) using glucose enriched synthetic wastewater before 
nitrate addition.
5.2 EXPERIMENTAL METHOD
Potassium nitrate (KNO3) was used to simulate nitrate addition in the reactor. The 
addition of nitrate was started with relatively low concentrations (i.e. high COD/NO3-N 
ratio), when the GRABBR was operating at an OLR of 20 kg COD m"3 d' 1 (6 hrs 
hydraulic retention time, HRT). Nitrate was not mixed with the feed, but pumped 
continuously at 10 1 d’1 from a concentrated stock solution directly into the reactor for
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two separate studies via the top port of Compartment 1 (first study) and Compartment 5 
(second study), as shown in Figure 5.1. These compartments were chosen, as prior to 
nitrate addition studies, acidogenic and methanogenic activities were dominant in 
Compartments 1 and 5 within the GRABBR respectively. Nitrate loading rates (NLRs) 
were increased by increasing the nitrate concentration in the nitrogenous feed. No 
organic carbon source was added in the nitrate feed in order to mimic the realistic 
situation, in which most of the organic matter would be removed in the nitrification unit, 
and nitrates will be mainly present in the recycled stream from a second stage aerobic 
unit.
Nitrate addition point Nitrate addition point
(First study) (Second study)
Figure 5.1 Schematic diagram of nitrate addition in the acidogenic dominant zone 
(Compartment 1) and methanogenic dominant zone (Compartment 5) of granular bed 
baffled reactor.
The overall soluble COD (SCOD) removal efficiencies in the GRABBR at an OLR of 
20 kg COD m'3 d'1 (6 hrs HRT) were 63% and 61%, before nitrate addition in 
Compartment 1 and 5, respectively, as shown in Table 5.1. High acidogenic activities 
were observed in the first four compartments of the reactor, with high SCOD removal in 
the last compartment (Table 5.1), due to the high consumption of volatile fatty acid
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(VFA) produced in the upstream compartments to methane. VFA accumulation resulted 
in low pH levels in the front compartments (near the influent point), followed by a 
decrease in the acid levels down the reactor, with a general increase in pH. The original 
structure of the seed granules was retained in the methanogenic dominant zone, whilst 
granular breaking and flotation was observed in the acidogenic dominant zone. The 
latter zone mainly consists of non-granular biomass in the form of newly formed white 
mass and debris of broken granules, with fewer granules.
Table 5.1 Cumulative soluble chemical oxygen demand (SCOD) removal 
efficiencies in the compartments of granular bed baffled reactor before nitrate addition 
in Compartment 1 and 5 at steady state conditions.
Cumulative SCOD removal efficiency (%)
Cl C2 C3 C4 C5
Compartment 1 22 22 24 31 63
Compartment 5 23 26 27 35 61
Key: Cl, C2, C3, C4 and C5 represents compartments of the granular bed baffled 
reactor
Nitrate nitrogen (NO3-N) concentrations were increased in a stepwise fashion in 
Compartment 1 to correspond to 50, 100, 150 and 200 mg l'1 NO3-N in the reactor. At 
the end of the first study, nitrate addition was discontinued and the reactor was fed with 
only glucose feed at an OLR of 20 kg COD m‘3 d'1 (6 hrs HRT) for 30 days to allow the 
system to recover from the nitrate addition in Compartment 1 and re-establish the same 
conditions prior to nitrate addition. The second nitrate addition study into Compartment 
5 followed the same operational (nitrate addition) pattern of Compartment 1 study. The 
data points mentioned in this study were based on the sample analysis obtained at 
steady state conditions. No effluent recirculation was carried out throughout the study 
and there was no effluent settling prior to discharge. Throughout the entire study, the 
COD concentration and HRT of the influent wastewater were kept constant. The 
operating conditions of this study are shown in Tables 5.2 and 5.3.
5.3 RESULTS
In this study, NOx-N represents NO3-N and NO2-N. The acidogenic dominant zone
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mainly refers to Compartment 1, whereas the methanogenic dominant zone refers to 
Compartment 5.
Table 5.2 Operating conditions of granular bed baffled reactor during nitrate
addition into Compartment 1.
SCOD3 
(mg l'1)
KNOT”
(g)
NOs-N0 
(mg r 1)
scod/no3-n HRTd
(hrs)
OLRe
(kg COD nf3 d 1)
NLR1
(kg N03-N m'3 d'1)
4240 18.0357 50 84.8 4.8 20 0.25
4240 36.0714 100 42.4 4.8 20 0.5
4240 54.1071 150 31.8 4.8 20 0.75
4240 72.1428 200 21.2 4.8 20 1
a Revised soluble chemical oxygen demand (SCOD) in Compartment 1 after considering 
dilution factor due to nitrate addition. SCOD of feed entering the reactor was measured as 5300 
mg l'1
b Potassium nitrate (KN03) added in 10 litre of tap water to make stock nitrogenous solution 
c Nitrate nitrogen 
d Hydraulic retention time 
e Organic loading rate 
f Nitrate loading rate
Table 5.3 Operating conditions of granular bed baffled reactor during nitrate
addition into Compartment 5.
SCOD3 
(rng l'1)
“ knot-
(g)
NOa-N0
(mgr1)
scod/no3-n HRT3
(hrs)
OLRe
(kg COD m'3 d 1)
NLR1
(kg N03-N m'3 d'1)
2765 18.0357 50 55.296 4.8s (6)h 20 0.25
2765 36.0714 100 27.648 4.8 (6) 20 0.5
2765 54.1071 150 20.736 4.8 (6) 20 0.75
2765 72.1428 200 13.824 4.8 (6) 20 1
a Revised soluble chemical oxygen demand (SCOD) in Compartment 5 after considering 
dilution factor due to nitrate addition. SCOD of feed entering Compartment 5 was calculated as 
3456 mg l"1 before nitrate addition study
b Potassium nitrate (KN03) added in 10 litre of tap water to make stock nitrogenous solution 
c Nitrate nitrogen 
d Hydraulic retention time 
e Organic loading rate 
f Nitrate loading rate
8 Retention time of the reactor before nitrate addition point 
h In parenthesis, retention time in Compartment 5 due to nitrate addition
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5.3.1 Nitrate Reduction Pathway
Prior to nitrate addition, a decrease of up to 30% in ammoniacal nitrogen (NH4-N) in 
the raw synthetic feed was observed in the first compartment at an OLR of 20 kg COD 
m" d' , and thereafter very little change in NH4-N concentrations was observed 
downstream of the reactor. This amount of nitrogen was believed to be assimilated for 
the synthesis of new microbial growth in the acidogenic dominant zone.
No noticeable change in NH4-N concentrations was observed during nitrate addition in 
the acidogenic and methanogenic dominant zones, indicating that denitrification of the 
added nitrate was a major reduction pathway in both zones of the GRABBR.
5.3.2 Nitrate Removal
5.3.2.1 Nitrate addition in the acidogenic dominant zone (Compartment 1)
The levels of NOx-N in different compartments at varying nitrate concentrations is 
shown in Figure 5.2. More than 84% of the nitrate reduction was observed in the first 
compartment, and 100% overall. The first two compartments removed all nitrates for 
the applied nitrate loads. The denitrification rate in Compartment 1 increased with 
increase in nitrate concentration, varying from 46 to 175 mg NOx-N l'1 h’1.
5.3.2.2 Nitrate addition in the methanogenic dominant zone (Compartment 5)
Figure 5.3 shows the compartmentalised profile of NOx-N concentrations with varying 
nitrate loadings. Backmixing of nitrate from Compartment 5 to 4 was observed, as also 
shown in Figure 5.3. This brought about the presence of 2.9 mg l"1, 2.5 mg l"1, 1.8 mg l"1 
and 1.2 mg l'1 of NOx-N in Compartment 4 for NO3-N concentrations of 200 mg l'1, 
150 mg l'1, 100 mg f 1 and 50 mg l"1 respectively. No traces of nitrates were detected in 
Compartments 1, 2 and 3. This study resulted in NOx-N removal in the range of 83% to 
91%. The denitrification rate increased with increase in nitrate concentrations, varying 
from 43 to 189 mg NOx-N l'1 h'1 in Compartment 5. A comparison of the denitrification 
rates in Compartments 1 and 5 is shown in Figure 5.4.
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Figure 5.2 NOx-N (NO3-N and NO2-N) levels in the compartments of granular bed 
baffled reactor at different nitrate nitrogen (NO3-N) concentrations added in the 
acidogenic dominant zone (Compartment 1): (■) 50 mg l'1 NO3-N, (O) 100 mg l"1 NO3- 
N, (A ) 150 mg l’1 NO3-N, (x) 200 mg l'1 NO3-N.
Figure 5.3 NOx-N (NO3-N and NO2-N) levels in the compartments of granular bed 
baffled reactor at different nitrate nitrogen (NO3-N) concentrations added in the 
methanogenic dominant zone (Compartment 5): (■) 50 mg f 1 NO3-N, (O) 100 mg l'1 
NO3-N, (A ) 150 mg l' 1 NO3-N, (x) 200 mg l' 1 NO3-N.
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Figure 5.4 Denitrification rates for varying nitrate nitrogen (NO3-N) concentrations 
added in the acidogenic dominant zone (Compartment 1) and methanogenic dominant 
zone (Compartment 5) of granular bed baffled reactor: (O) Compartment 1 (R2 = 
0.9993), ( • )  Compartment 5 (R2 = 0.9998).
5.3.3 Soluble Chemical Oxygen Demand Removal
5.3.3.1 Nitrate addition in the acidogenic dominant zone (Compartment 1)
The effect of NO3-N addition on SCOD removal at varying nitrate concentrations is 
shown in Figure 5.5. This figure shows that the performance of the system in terms of 
SCOD removal increased with increase in nitrate load, and was generally better than the 
SCOD levels before nitrate addition. The gains in SCOD removal for all nitrate 
concentrations in Compartment 1 enhanced the overall SCOD removal efficiency of the 
GRABBR. The overall SCOD removal efficiency of 68% to 71% was observed during 
nitrate addition conditions.
5.3.3.2 Nitrate addition in the methanogenic dominant zone (Compartment 5)
The effect of NO3-N addition on SCOD removal at varying nitrate concentrations is
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shown in Figure 5.6. Higher SCOD removal rates were observed when compared with 
the previous study (Section 5.3.4.1). In comparison to the system efficiency before this 
study, nitrate addition brought about slightly higher SCOD consumption in 
Compartment 5, and this consumption increased with increase in nitrate load. The 
percentage SCOD removal for individual compartments (Compartment 1 and 5) during 
denitrification is shown in Table 5.4, which shows that nitrate addition generally 
brought about an improved effluent quality in terms of SCOD removal.
Figure 5.5 Soluble chemical oxygen demand (SCOD) levels in different 
compartments of the granular bed baffled reactor at varying nitrate nitrogen (NO3-N) 
concentrations added in acidogenic dominant zone (Compartmentl): (□) before nitrate 
addition, (x) 50 mg l' 1 N 03-N, (A) 100 mg l'1 NOj-N, (▲) 150 mg l' 1 NOj-N, (O) 200 
mg I'1 NO3-N.
5.3.4 Volatile Fatty Acid Profile
The VFA profile (acetate, propionate and butyrate) at different nitrate concentrations in 
both studies is shown in Figure 5.7. The trend in VFA consumption during 
denitrification in the acidogenic dominant zone showed a noticeable decrease in acetate 
and butyrate concentrations. The relative concentration decrease for acetate, propionate 
and butyrate from 50 mg l'1 to 200 mg f 1 NO3-N was calculated as 103 mg l'1, 16 mg l' 1 
and 93 mg l"1 respectively. On the other hand, a marked decrease in butyrate 
concentrations was observed during nitrate reduction in the methanogenic dominant 
zone. In this zone, the relative concentration decrease for acetate, propionate and
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butyrate from 50 mg f 1 to 200 mg l' 1 NO3-N was calculated as 37 mg l'1, 7 mg l'1 and 
227 mg 1_1 respectively.
Figure 5.6 Soluble chemical oxygen demand (SCOD) levels in different compartments of 
the granular bed baffled reactor at varying nitrate nitrogen (NO3-N) concentrations added in 
methanogenic dominant zone (Compartment 5): (□) before nitrate addition, (x) 50 mg l'1 
NO3-N, (A ) 100 mg l'1 NO3-N, (▲) 150 mg l' 1 NO3-N, (O) 200 mg l'1 NO3-N.
Table 5.4 Individual soluble chemical oxygen demand (SCOD) removal efficiency 
of acidogenic dominant zone (Compartment 1) and methanogenic dominant zone 
(Compartment 5) of granular bed baffled reactor during denitrification.
SCOD removal efficiency SCOD removal efficiency 
of Compartment 1 (%) of Compartment 5 (%)
Before nitrate additiona 21 40
Nitrate added conditionsb
50 mg l'1 NO3-N 23 40
100 mg r 1 NO3-N 24 44
150 mg l' 1 NO3-N 27 49
200 mg l' 1 NO3-N 31 58
a Percentage SCOD removal for Compartment 1 and 5 were calculated with respect to 
5300 mg l'1 (feed SCOD) and 3456 mg l' 1 (Compartment 4 SCOD) respectively. 
b Percentage SCOD removal for Compartment 1 and 5 were calculated after considering 
dilution factor of 10 1 d"1 of nitrogenous feed.
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Figure 5.7 Profile of intermediate volatile fatty acid products in Compartment 1 
(shaded) and Compartment 5 (hollow) of granular bed baffled reactor for nitrate 
nitrogen (NO3-N) concentrations of 50 to 200 mg l'1: ( • ,  O) acetate, (A, A) 
propionate, (■, □) butyrate.
5.3.5 Methane Composition
The methane composition during denitrification in acidogenic and methanogenic 
dominant zones varied between 35% to 50%. A slight decrease in the methane content 
of the gas was observed with an increase in nitrate loadings in both studies. Nitrate 
addition in the acidogenic dominant zone exhibited slightly higher methane proportion 
in the biogas than when nitrate were added in the methanogenic dominant zone.
5.4 DISCUSSION
Glucose was selected as the substrate to create fermentation activities within the 
GRABBR. This substrate was found to support ammonia formers (Akunna et al., 1994a; 
Rustrian et al., 1997). It is also known that with non-acclimatised anaerobic sludges, 
nitrate reduction to ammonification could take place with this organic carbon source 
(Kasper et al., 1981; Akunna et al., 1993; Rustrian et al., 1997). In this study, no
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marked ammonification was observed during all nitrate addition conditions. One would 
have expected significant ammonification to occur when nitrates were added in the 
acidogenic dominant zone, especially at lower nitrate loads (or high COD/NO3-N ratio), 
since some carbon compounds might have been present in the form of glucose in this 
compartment. A possible explanation for this observation may be that the GRABBR 
system was comprised of five compartments, with each compartment almost 
independent and completely mixed. The actual COD/NO3-N ratio within the 
compartment would be considerably lower than it would have been had the system not 
been compartmentalised (i.e. a completely mixed system). Hence, it is believed that 
compartmentalisation enhanced denitrification by ensuring a relatively low COD/NO3- 
N ratio in the nitrate added compartment. Denitrification is known to increase with a 
decrease in COD/NO3-N ratio using a glucose substrate (Akunna et al.f 1994a).
This study showed that acidogenic and methanogenic dominant populations have high 
denitrification capabilities. There was a good linear relationship obtained between 
variable nitrate concentrations added into the compartments and nitrate removal 
efficiency (Figure 5.4). The correlation coefficient shows almost 100% reliability of the 
linear relationship between plotted variables. During nitrate addition in the acidogenic 
dominant zone, complete denitrification was observed in the first two compartments of 
the GRABBR, while NOx-N concentrations were observed in the effluent during nitrate 
addition in the methanogenic dominant zone. Accumulation of denitrifying by-products 
(nitrite, nitrous oxide) in an anaerobic or denitrification unit have been reported as 
adversely affecting the denitrification process (Beccari et al., 1983; Rustrian et al,
1997). No nitrite build-up was observed in either nitrate addition studies, and NOx-N 
was mainly in the form of NO3-N. The microorganisms in the system quickly adapted to 
varying nitrate conditions in both studies. This could also be due to zoning 
characteristics of the GRABBR, which shortened the acclimatisation time for 
denitrifiers. Furthermore, an increase in nitrate concentration brought about increases in 
pH levels of up to 0.25 units from 50 mg l'1 to 200 mg l'1 NO3-N. This could be 
beneficial to the stability of the system by counteracting the usual decrease in pH 
associated with acidogenesis.
Comparatively, slightly better NOx-N removal efficiencies were achieved when nitrates 
were added to the methanogenic dominant zone than when added to the acidogenic
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dominant zone (Figure 5.4). This observation could firstly be because VFA was the 
main source of organic carbon in the methanogenic dominant zone as opposed to in the 
acidogenic dominant zone, where there would have been a mixture of VFA and glucose. 
Denitrifiers have been reported to possess high affinity towards VFA than to glucose 
(Akunna et al., 1993 & 1994a; Fass et al., 1994; Hendriksen and Ahring, 1996a). 
Secondly, the methanogenic dominant zone mainly consists of anaerobic granular 
sludge, a highly active biomass, which could have provided improved mixing between 
different microorganisms to increase the specific denitrification rate. Thirdly, anaerobic 
sludges have been reported as possessing high denitrifying potentials (Akunna et al., 
1992, 1993 & 1994a; Hendriksen and Ahring, 1996a; Mosquera-Corral et al., 2001). 
Biofilm structure in the form of anaerobic granules, which harbours a diverse number of 
species (Macleod et al., 1990; Fang et al., 1994; Bhatti et al., 1995), could have 
enhanced the denitrifying activity within the methanogenic dominant zone. Fourthly, 
lower COD/NO3-N ratios were obtained in the methanogenic dominant zone due to the 
consumption of organic carbon in the upstream compartments (Table 5.3). This could 
have improved the process efficiency in terms of nitrate removal in the methanogenic 
dominant zone. Denitrification rates have been found to increase at lower COD/NO3-N 
ratios (Rustrian et al., 1997).
For all applied nitrate loadings, an increase in SCOD removal was observed when 
compared with conditions before nitrate addition. This was attributed to extra carbon 
consumption during denitrification. For a complete cycle of treatment (as illustrated in 
Figure 1.6b), a decrease in effluent SCOD will bring about lower oxygen demand in the 
downstream nitrification unit. The SCOD removal rates during nitrate addition in the 
methanogenic dominant zone were higher than those observed when nitrates were added 
in the acidogenic dominant zone.
During nitrate addition in both zones, methane production was observed. This shows 
that denitrification and methanogenesis occurred simultaneously in the GRABBR. The 
magnitude of nitrate inhibition in each denitrifying compartment of GRABBR was not 
specifically measured as the overall gas composition of the reactor was recorded. The 
VFA profile in the methanogenic dominant environment during denitrification shows a 
noticeable decrease in butyrate levels, while acetate and butyrate in the zone dominated 
by acidogenic activities. The concentrations of acetate and butyrate have been reported
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to decrease during denitrification process (Takai et al., 1997).
This study shows that higher denitrification and SCOD removal rates can be achieved 
when nitrates are added to the methanogenic dominant zone as compared to when added 
to the acidogenic dominant zone. However, in order to avoid inhibition of nitrates to 
methane producing bacteria, back mixing of nitrogen oxides particularly at high NLRs 
and partial or incomplete denitrification either due to incapability of the methanogenic 
dominant zone to reduce all nitrates or non-availability of sufficient amount of carbon 
source, it is believed that nitrate addition in the acidogenic dominant zone would ensure 
a more effective methanogenic population to prosper within the system. Furthermore, 
nitrate addition in the acidogenic environment of the GRABBR ensures that the size of 
denitrifying zone adjusts according to the applied nitrate loading conditions. This will 
also provide an advantage of collecting methane rich biogas from the methanogenic 
dominant zone.
5.5 CONCLUSIONS
This study illustrated that with the GRABBR, relatively low COD/NO3-N ratios 
obtained in the nitrate added compartments could have favoured denitrification to be the 
major pathway for nitrate reduction rather than ammonification, particularly when 
glucose is the main carbon source. The addition of nitrate increased the overall SCOD 
removal efficiency of the reactor when compared to conditions before nitrate addition, 
mainly due to extra carbon consumption during denitrification. Addition of nitrate in the 
methanogenic dominant zone exhibited slightly higher denitrification and SCOD 
removal efficiency when compared to nitrate addition in the acidogenic dominant 
environment. This suggests that glucose, along with other carbon sources, could have 
been significantly consumed for nitrate reduction when nitrates were added in the 
acidogenic dominant zone, whilst non-fermentative substrate in the form of VFA was 
the main compound available for denitrification in the methanogenic dominant zone. 
Also, methanogenic granular biomass in the methanogenic dominant zone has high 
denitrifying and methanogenic capabilities than non-granular acidogenic bacteria. 
However, in order to avoid problems related to back mixing, nitrate inhibition to 
methane producing microorganisms and incomplete denitrification, nitrate addition in 
the acidogenic dominant zone would ensure more long term reactor stability and
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efficiency in terms of carbon and nitrate removal for low to high strength nitrogenous 
wastewaters. With this arrangement, sufficient carbon content would always be 
available in the denitrifying (or acidogenic) zone. Methane production was observed 
during nitrate addition in the compartments, showing that denitrification and 
methanogenesis occurred simultaneously.
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CHAPTER 6
NITRATE REDUCTION AND METHANE 
PRODUCTION ACTIVITIES OF SLUDGES 
FROM GRANULAR BED BAFFLED
REACTOR
This chapter presents the nitrate reduction and methane production capabilities o f the 
biomass from the acidogenic dominant zone (Compartment 1) and methanogenic 
dominant zone (Compartment 5) o f the granular bed baffled reactor in the presence o f 
various types o f carbon sources.
6.1 INTRODUCTION
Batch experiments are rapid and reliable methods to assess the presence of various 
metabolic groups in methanogenic environments (Dolfing and Bloemen, 1985). These 
tests have superiority over other methods, such as most probable number (MPN), which 
has led to ambiguous and unreliable results with anaerobic sludges (Dolfing et al., 1985; 
Dubourguier et al., 1988a; Uyanik et al., 2002b). These tests are usually performed with 
excess substrate to measure the activities of various species with anaerobic biomass.
Batch studies have been carried out with different types of sludges to obtain useful 
information about the characteristics of microbial populations existing in an anaerobic 
system. Batch assays have been used to investigate the effect of nitrate or nitrite under 
different substrate conditions (Chen and Lin, 1993; Akunna et al., 1993 & 1994a; 
Hendriksen and Ahring, 1996b; Quevedo et al., 1996; Bemet et al., 1996a; Clarens et 
al., 1998; Bilanovic et al, 1999). In batch experiments for combined carbon and nitrate
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removal, nitrogen oxides were found to inhibit methane production, with methanation 
occurring after the denitrification process (Chen and Lin, 1993; Akunna et al., 1993 & 
1994a; Hendriksen and Ahring, 1996b).
In staged anaerobic systems, acidogenesis and methanogenesis are separated in different 
zones to obtain optimum environmental conditions for these microorganisms due to 
their different kinetics and energetics (Ghosh et al., 1975; Cohen et al., 1980 & 1982; 
Anderson and Saw, 1984; Anderson et a l, 1994; Speece et a l, 1997). In the literature 
available to date, little is known about the microbial activity of these different 
microorganisms in two-stage or multi-phase anaerobic systems in performing 
simultaneous denitrification and methanogenesis. Anaerobic sludges have been reported 
to possess denitrifying capabilities (Akunna et a l, 1993; Hendriksen and Ahnng, 
1996a), however their bioconversion rates as a function of nitrate removal and methane 
production, when acclimatised to different substrate conditions of anaerobic system, 
have not been well studied. Consequently, it is not known as to what magnitude each of 
the microbial groups, acidogens and methanogens, could contribute in denitrification 
and methanogenesis in the presence of nitrate. It is also not known how the nature of 
organic carbon can influence the activities of denitrifiers and methanogenesis for 
various sludges of a staged system.
In this study, batch experiments were carried out with three different carbon sources: 
glucose, acetate and volatile fatty acid (VFA) mixture of acetate, propionate and 
butyrate. Glucose substrate was selected, firstly because this was the source of carbon 
used as influent for the reactor study, and secondly, it is metabolised via fermentation in 
anaerobic degradation. Acetate and VFAs are relatively more simple forms of organic 
matter, and the preferred substrate for the denitrification process (Paul et a l, 1989; 
Akunna et al, 1993; Fass et al, 1994; Hendriksen and Ahring, 1996a; Takai et al, 
1997).
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The aim of this study was to investigate:
• The effect of nitrate on both acidogenic and methanogenic dominant microbial 
populations, not previously adapted to nitrate, for methane production and nitrate 
reduction.
• The effect of nitrate on nitrate adapted acidogenic dominant sludge for nitrate 
reduction and methane production.
• The sequence of occurrence of nitrate reduction and methane production (where 
both are observed), in order to determine whether both processes occur 
simultaneously or are separated in time.
• The importance of the nature of organic substrate present in the system on the 
outcome of the above biochemical activities.
6.2 EXPERIMENTAL DESIGN
The sludges were added in 300 ml bottles and the volumes were brought to 275 ml by 
adding a synthetic medium. The sludges were obtained from two different zones of the 
granular bed baffled reactor (GRABBR). The medium was prepared to obtain 3 g l'1 
chemical oxygen demand (COD) of either glucose, acetate or VFA mixture (acetate, 
propionate, butyrate; 1:1:1 on a COD basis) as carbon source. The other constituents 
(buffering compound, micro- and macro-nutrients) were same as shown in Table 2.1. 
One set of the experiment was conducted using sludge previously unadapted to nitrates 
from Compartments 1 and 5 of the GRABBR, obtained during the study reported in 
Chapter 4. The biomass from Compartment 1 was a mixture of non-granular (mainly in 
the form of broken granules and white microbial mass) and granular biomass, while 
sludge from Compartment 5 was mainly granular. The other set of experiments was run 
with sludge previously adapted to nitrate obtained from Compartment 1 of the 
GRABBR during the study reported in Chapter 5. Nitrates were added in the form of 
potassium nitrate (KN03). Nitrate reduction and methane production activities were 
measured by monitoring the profile of NOx-N (nitrate and nitrite nitrogen) 
concentrations and percentage methane composition with time. Anaerobic conditions in 
the bottles were obtained by flushing bottles with free nitrogen for 5 minutes. The
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bottles were then incubated at 35°C and placed in a temperature controlled shaker at 100 
rev min'1. The complete experimental set-up for this study is summarised in Tables 6.1 
and 6.2.
Table 6.1 Experimental set-up for batch assays with sludge from Compartment 1 
and 5 of granular bed baffled reactor unadapted to nitrate.
Parameter Sludge unadapted to nitrate Sludge unadapted to nitrate
Glucose Acetate VFAC Glucose Acetate VFA
Total volume (ml) 275 275 275 275 275 275
COD" (mg l 1) 3000 3000 3000 3000 3000 3000
NOs-Nb (mg 1') - - - 200 200 200
COD/NO3-N - - - 15 15 15
a Chemical oxygen demand 
b Nitrate nitrogen 
c Volatile fatty acid
Table 6.2 Experimental set-up for batch assays with sludge from Compartment 1 of 
granular bed baffled reactor acclimatised to nitrate.
Parameter Sludge adapted to nitrate Sludge adapted to nitrate
Glucose Acetate VFAC Glucose Acetate VFA
Total volume (ml) 275 275 275 275 275 275
COD* (mg l 1) 3000 3000 3000 3000 3000 3000
N 03-Nb (mg l 1) - - - 200 200 200
COD /N O3-N - - - 15 15 15
a Chemical oxygen demand 
b Nitrate nitrogen 
c Volatile fatty acid
6.3 RESULTS
The term methanogenic dominant zone sludge refers to biomass from Compartment 5 
and acidogenic dominant zone sludge to biomass from Compartment 1. Furthermore, 
NOx-N represents nitrate nitrogen (N03-N) and nitrite nitrogen (N02-N).
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6.3.1 Acidogenic and Methanogenic Dominant Zone Sludges Previously 
Un adapted to Nitrate
These experiments were carried out with sludge obtained from the GRABBR during the 
study reported in Chapter 4.
6.3.1.1 Sludge from the acidogenic dominant zone (nitrate-free cultures)
The gas composition in all substrate cultures (glucose, acetate and VFA) showed 
approximately 50% methane production at the end of the experiment as shown in Figure
6.1. However, the glucose enriched medium showed relatively low methane 
composition than acetate and VFA cultures. Methane composition was over 20% and 
40% for acetate and VFA cultures at 6 hrs and 15 hrs respectively. Experiments with 
acetate and VFA mediums produced very little carbon dioxide (about 5% throughout the 
experiment). However, glucose media produced over 40% carbon dioxide after 3 hrs, 
but its production decreased after 6 hrs with a simultaneous increase in methane 
production.
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Figure 6.1 Profile of percentage methane (hollow) and carbon dioxide (shaded) 
composition for various cultures with time using acidogenic dominant zone sludge 
previously unadapted to nitrate: acetate (O, • ) ,  volatile fatty acid (A, A), glucose (□, 
■).
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6.3.1.2 Sludge from the methanogenic dominant zone (nitrate-free cultures)
The gas produced in all cultures contained approximately 60% methane at the end of the 
experiment as shown in Figure 6.2. All three cultures (glucose, acetate and VFA) 
exhibited an almost similar increase in the rate of methane production. A high carbon 
dioxide composition was observed with glucose media, ranging between 30% and 40% 
from 6 hrs to 30 hrs, while it only appeared after 15 hrs for the acetate and VFA 
cultures.
s P
<1>■D
Xo
TD
C.o_Q
i_(0
O
Figure 6.2 Profile of percentage methane (hollow) and carbon dioxide (shaded) 
composition with time using various cultures with methanogenic dominant zone sludge 
previously unadapted to nitrate: acetate (O, • ) ,  volatile fatty acid (A, A), glucose (□,
6.3.1.3 Sludge from the acidogenic dominant zone (nitrate-added cultures)
Low methane production was observed for all cultures as shown in Figure 6.3. Acetate, 
VFA and glucose cultures produced 15%, 13% and 5% of methane respectively at 30
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hrs. During 6 hrs of incubation, no methane production was observed for glucose media, 
whilst less then 9% methane was detected for acetate and VFA cultures. The complete 
removal of nitrates was observed for acetate and VFA cultures during the length of 
study as shown in Figure 6.4. For the VFA culture, NOx-N reduced from 128 to 21 mg 
l'1 from 6 hrs to 10 hrs of incubation, whilst for the acetate culture it was completely 
eliminated within 16 hrs. The glucose culture was able to reduce 41% of added nitrate 
within 23 hrs. Methane production was observed when nitrate reduction was taking 
place, though its production was markedly low in all the cultures when compared with 
nitrate free cultures (Section 6.3.1.1).
6.3.1.4 Sludge from the methanogenic dominant zone (nitrate-added cultures)
An almost similar rate of methane production was observed for all cultures (acetate, 
VFA and glucose) in this study. Methane levels for glucose, acetate and VFA cultures 
were estimated as 27%, 31% and 30% at 6 hrs and 34%, 39% and 38% at 30 hrs, 
respectively, as shown in Figure 6.5. All three media exhibited high and similar NOx-N 
removal rates. No NOx-N was detected at 23 hrs in any of the cultures, as shown in 
Figure 6.6. NOx-N removal efficiency for glucose, acetate and VFA cultures was 
calculated as 48%, 40% and 40% at 6 hrs, and 74%, 78% and 76% at 10 hrs, 
respectively. The methane composition in glucose, acetate and VFA cultures accounted 
for 27%, 31% and 30% respectively of the total gas composition at 6 hrs, even when 
noticeable amounts of NOx-N concentrations (105 mg l"1, 121 mg l'1 and 121 mg l 1 of 
NOx-N in glucose, acetate and VFA cultures respectively) were still present in the 
cultures. Thus, showing that simultaneous nitrate reduction and methane production 
occurred in this study with all cultures.
87
Chapter 6: Nitrate Reduction and Methane Production Activities of Sludges from GRABBR
Figure 6.3 Profile of percentage methane (hollow) and carbon dioxide (shaded) 
composition for various media in nitrate added cultures with time using acidogenic 
dominant zone sludge previously unadapted to nitrate: acetate (O, • ) ,  volatile fatty acid 
(A, A), glucose (□, ■).
Figure 6.4 Profile of NOx-N (N03-N and N 02-N) concentrations with time for
various cultures using acidogenic dominant zone sludge previously unadapted to
nitrate: acetate (O), volatile fatty acid (A), glucose (□).
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Figure 6.5 Profile of percentage methane (hollow) and carbon dioxide (shaded) 
composition with time in nitrate added cultures using methanogenic dominant zone 
sludge previously unadapted to nitrate: acetate (O, • ) ,  volatile fatty acid (A , A), 
glucose (□, ■). Data for acetate (•) , volatile fatty acid (A) were all at 0 and therefore 
these symbols overlap with each other giving the appearance of # .
Figure 6.6 Profile of NOx-N (N03-N and N 02-N) concentrations with time using
various cultures with methanogenic dominant zone sludge previously unadapted to
nitrate: acetate (O), volatile fatty acid (A ), glucose (□).
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6.3.2 Acidogenic Dominant Zone Sludge Previously Adapted to Nitrate
These experiments were carried out with sludge obtained from Compartment 1 of the 
GRABBR during the study reported in Chapter 5.
6.3.2.1 Sludge from the acidogenic dominant zone (nitrate-free cultures)
No methane production was observed from all three cultures (glucose, acetate and VFA) 
throughout the experimental period, suggesting that this sludge contained little or no 
methanogens. A high production of carbon dioxide was observed with the glucose 
media, while noticeably lower percentages (less than 20%) were measured for acetate 
and VFA cultures at the end of experiment as shown in Figure 6.7.
Figure 6.7 Profile of percentage methane (hollow) and carbon dioxide (shaded) 
composition for various media with time using acidogenic dominant zone sludge 
previously adapted to nitrate: acetate (O, • ) ,  volatile fatty acid (A, A), glucose (□, ■). 
Data for acetate (O), volatile fatty acid (A), glucose (□) were all at 0 and therefore 
these symbols overlap with each other.
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6.3.2.2 Sludge from the acidogenic dominant zone (nitrate-added cultures)
No methane production was observed for all cultures (glucose, acetate and VFA) in this 
study. No carbon dioxide production was observed for acetate and VFA media, while 
the glucose medium exhibited 60% carbon dioxide composition at the end of 
experiment as shown in Figure 6.8. High NOx-N removal rates were observed for this 
sludge, with all media, as shown in Figure 6.9. No nitrate was detected at 6 hrs and 12 
hrs for acetate and VFA cultures respectively. Complete nitrate removal was observed at 
23 hrs for the glucose medium. NOx-N removal efficiency for glucose, acetate and VFA 
cultures at 6 hrs was calculated as 72%, 87% and 89% respectively.
6.4 DISCUSSION
The average and maximum denitrification rates obtained in this study are shown in 
Table 6.3. Generally, the denitrification rates achieved in this study are comparable 
with the levels reported in the literature with various carbon sources (Monteith et al., 
1980; Bode et al., 1987; Fass et al., 1994; Bemet et al., 1996b).
6.4.1 Nitrate-free Cultures
Studies with acetate and VFA cultures previously unadapted to nitrate exhibited 
slightly higher methane production when compared with glucose cultures. Methane 
production appeared generally higher for cultures with methanogenic dominant zone 
biomass than sludge from the acidogenic dominant zone. This difference was an 
indication as to the degree of phase separation that occurred in the GRABBR during the 
period of reactor operation, which encouraged acidogenesis to flourish in the early 
compartments and methanogenesis in the latter compartments. The high carbon dioxide 
production in the glucose media was the result of acidogenesis, which is only 
associated with fermentable substrates, like glucose in this study.
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Figure 6.8 Profile of percentage methane (hollow) and carbon dioxide (shaded) 
composition with time in nitrate added cultures using acidogenic dominant zone sludge 
previously adapted to nitrate: acetate (O, • ) ,  volatile fatty acid (A,  A), glucose (□, ■). 
Data for acetate (O, • ) ,  volatile fatty acid (A, A), glucose (□) were all at 0 and 
therefore these symbols overlap with each other giving the appearance of duplicate ■.
Figure 6.9 Profile of NOx-N (N03-N and N 02-N) concentrations with time using
various cultures with acidogenic dominant zone sludge previously adapted to nitrate:
acetate (O), volatile fatty acid (A), glucose (□).
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Table 6.3 Nitrate removal rates and methane production under various batch cultures.
Sludge type Carbon
Source
CODb 
(mg I’1)
State of 
culture
Nitrate addition 
(NOj-N* mg l'1)
COD/NO3-N Av. NOx-N 
removal rate 
(mg NO3-N l'1 h'1)
Max. NOx-N 
removal rate 
(mg NO3-N l'1 h'1)
ch 4 1
composition
(%)
C02g
composition
(%>
Compartment 1 Acetate 3000 xc 0 - - - 18-51 0-6
VFAa 3000 X 0 - - - 12-50 0-5
Glucose 3000 X 0 - - - 6-47 35-46
Compartment 5 Acetate 3000 X 0 - - - 24-63 0-4
VFA 3000 X 0 - - - 25-57 0-4
Glucose 3000 X 0 - - - 31-58 11-37
Compartment 1 Acetate 3000 X 200 15 12.47 24.9 8-15 0-6
VFA 3000 X 200 15 10.96 26.98 0-10 5-13
Glucose 3000 X 200 15 3.56 7.8 0-5 41-61
Compartment 5 Acetate 3000 X 200 15 11.9 23.51 31-40 0
VFA 3000 X 200 15 11.71 21.72 30-38 0
Glucose 3000 X 200 15 11.08 24.62 27-35 14-49
Compartment 1 Acetate 3000 ✓ d 0 - - - 0 0
VFA 3000 ✓ 0 - - - 0 0
Glucose 3000 ✓ 0 - - - 0 48-63
Compartment 1 Acetate 3000 ✓ 200 15 28.9 45.45 0 0
VFA 3000 ✓ 200 15 18.72 52.92 0 0
Glucose 3000 ✓ 200 15 10.33 42.05 0 14-49
a Volatile fatty acid,b Chemical oxygen demand,c Unadapted to nitrate,d Adapted to nitrate,e Nitrate nitrogen,f Methane,g Carbon dioxide
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For the acidogenic dominant biomass previously adapted to nitrate, no methane 
production was observed in all three (glucose, acetate and VFA) media. It appears that 
the growth of denitrifiers (due to the long-term nitrate addition) and acidifiers (due to 
continuous reactor operation with fermentative substrate) completely eradicated all 
methane producing microorganisms in this zone of GRABBR. Hence, the complete 
absence of methane producing bacteria could be attributed to the microbial environment 
created due to continuous nitrate addition with the glucose wastewater in the reactor. It 
is believed that the presence of denitrifiers in this culture resulted in a slight increase in 
carbon dioxide with all three substrate cultures when compared with the unadapted 
nitrate culture.
6.4.2 Nitrate-added Cultures
For the biomass previously unadapted to nitrate, a low methane production was 
observed with acidogenic and methanogenic dominant zone sludges when compared to 
nitrate free cultures. Comparatively, acidogenic dominant sludge exhibited poorer 
methane production when compared to methanogenic dominant sludge in the presence 
of nitrate. Higher NOx-N removal rates were also observed with sludge from the 
methanogenic dominant zone when compared to the acidogenic dominant zone. This 
indicates that sludge from the methanogenic dominant zone, which contained mainly 
anaerobic granular sludge, has a higher denitrifying and methanogenic capability than 
biomass from the acidogenic dominant zone, thus confirming results of the reactor study 
reported in Chapter 5. It was interesting to note that methane production was observed 
whilst NOx-N was still in both media, i.e. cultures with acidogenic and methanogenic 
biomass. This was more noticeable in the sludge from the methanogenic dominant zone, 
which was mainly granular. It proves that denitrification and methanogenesis can 
proceed simultaneously, especially with biomass that is granular in structure. 
Acidogenic dominant zone sludge cultures, unadapted to nitrate, generally showed a low 
methane composition even after complete removal of NOx-N, which was probably due 
to the nature of biomass (also containing non-granular microorganisms) resulting from 
phase separation during the reactor study.
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The acidogenic dominant sludge previously adapted to nitrates exhibited high NOx-N 
removal rates with no methane production. This was mainly attributed to the 
acclimatisation of this biomass to nitrate during nitrate addition in the GRABBR 
(Chapter 5).
6.5 CONCLUDING DISCUSSION
This study has shown that the acidogenic dominant biomass could achieve nitrate 
removal, and nitrate adaptation of this biomass increases the number of denitrifying 
microbes.
This study also shows that the methanogenic dominant sludge, being mainly granular in 
structure, may be considered as a consortium containing both facultative populations 
and methanogens. Thus, the simultaneous production of methane and denitrification in 
the methanogenic dominant zone sludge could be a result of the following hypotheses:
1. Some methanogenic organisms are capable of carrying out denitrification, and / or
2. The granular structure is made up of a diverse number of microorganisms, 
involving both the facultative microorganisms (acidifiers / denitrifiers) and the 
methanogens.
The first hypothesis could not result in simultaneous methane production and 
denitrification, since if both microorganisms carry out both processes, they must have a 
preferable route dictated by energy production. Consequently, denitrification will occur 
before methane formation since the energy production associated with the former is 
greater (Hendriksen and Ahring, 1996a). This hypothesis would result in reversible 
inhibition as reported by some authors (Akunna et al., 1994a), which would generally 
bring about high denitrification and markedly low methane production.
The second hypothesis appears more plausible in this study. It suggests that both 
organisms are present in the granules with methanogens concentrated mainly at the core
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of the granules and denitrifiers / acidogens at the outer layers. When nitrate is present in 
the culture, it is only the methanogens at the core of the granules that produce methane, 
while the microorganisms in the outer layers remove the penetrating substrates of the 
nitrates as it diffuses into the granule. Therefore, on the basis of the second hypothesis, a 
proposed biochemical description of a methanogenic granular sludge treating 
wastewater rich in organic carbon and nitrate is shown in Figure 6.10. With this 
structure, both denitrification and methane production rates would be relatively higher 
than if they occur with the first hypothesis.
In conclusion, this study confirms that combined denitrification and methanogenesis 
may not occur with non-granular methanogenic sludge, mainly due to its dispersed or 
flocculent structure, which offers no, or little, protection to methanogens from nitrogen 
oxides. Moreover, long term exposure of ‘unprotected’ methanogens to nitrate can also 
completely cease their methanogenic activities. Simultaneous denitrification and 
methanogenesis can proceed for all substrate cultures containing organic carbon and 
nitrate with methanogenic granular sludge, indicating the key role of granular 
ultrastructure (as detailed in Chapter 7) in the combined integrated process. However, 
methane production may be lower when nitrates are present due to some inhibition of 
methanogenesis. Hence, a layered methanogenic granular sludge within an anaerobic 
system behaves like fixed film systems for organic carbon and nitrate removal, which 
create zones of denitrification and methane production within the filter media, as 
suggested by some researchers (Hanaki and Polprasert, 1989; Akunna et al., 1994b). 
With layered granular structure, such zoning occurs within the biomass to ensure 
simultaneous denitrification and methane production.
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Methane producing zone
{Mainly methanogens, nitrate free zone, CH4 production)
Figure 6.10 Proposed biochemical structure of methanogenic granular sludge for 
simultaneous denitrification and methanogenesis. Nitrates and some carbonaceous matter 
would be utilised in the outer zone(s) of the granule by facultative populations, while the 
remaining carbon content would penetrate into the core of the granule for methane production.
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CHAPTER 7
PHYSICAL AND MICROBIAL ECOLOGY OF 
ANAEROBIC GRANULES
This chapter discusses the importance o f granular morphology in determining its 
properties, microbial ecology o f the granules and the effect o f phase separation on the 
microbial characteristics o f anaerobic granules in granular bed baffled reactor.
7.1 INTRODUCTION
It has been widely reported that the efficiency of granular anaerobic systems has a direct 
correlation with the properties and ultrastructure of granules (Arcand et al., 1994; 
Batstone and Keller, 2001). Granular characteristics vary with the type of wastewater, 
seed sludge and retention time of an anaerobic ecosystem (Wijbenga and Bos, 1988; 
Grotenhuis et al., 1991a).
The particle size distribution of methanogenic granular sludge has been found to be a 
useful tool in the evaluation of growth, stability and settleability of granules (Hulshoff 
Pol et al., 1986; Grotenhuis et al., 1991a). Thus, granular size distribution within a 
system can estimate the effectiveness of wastewater treatment in the bioreactor. 
Granular size distribution is believed to be influenced by a number of factors such as 
granule growth rate, influent solids concentration, washout, breaking, attrition, 
availability of nutrients, substrate limitation within the granules, shear forces, 
production of extracellular biopolymers, gas production and formation of inorganic 
precipitates (Tramper et al., 1984; Grotenhuis et al., 1991a; Pereboom, 1994). An 
increase in the diameter of the granular sludge has been correlated with the increase in 
settling velocity (Hulshoff Pol et al., 1986). It has also been reported that large sized 
granular distribution curves are obtained with high substrate concentrations, whereas 
smaller sized granules are obtained with low substrate concentrations (Grotenhuis et al.,
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1991a). Although, extensive research has been performed on granular characteristics, 
little information is available on the various causes of granule disintegration in 
anaerobic ecosystem.
Five techniques - image analysis, laser analysis, sieving, calculations from settling 
velocities and microscopic sizing have been widely used by researchers to determine the 
particle size distribution of granular sludge (Laguna et al., 1999). Image and laser 
analyses are expensive methods (Laguna et al., 1999). Sieving causes erosion of 
granules in the sieves and fairly large samples are required (Hulshoff Pol et al., 1986). 
Empirical equations have been used to relate settling velocities and granular size by 
assuming shape of granules as sphere (Hulshoff Pol et al., 1986; Grotenhuis et al., 
1991a; Batstone and Keller, 2001). Microscopic sizing, though tedious, is believed to be 
inexpensive, reliable and require fairly small amount of samples. Due to these 
advantages of the microscopic technique, this approach was used for determining the 
size distribution of the granules in this study.
Due to the diverse nature of biological aggregates generated in wastewater treatment 
systems, the settling velocities of many aggregates have been found not to obey Stokes’ 
law (Johnson et al., 1996). This law is only applicable if particles are spherical in shape 
and fall through a laminar flow regime (Tang and Raper, 2002). The literature revealed 
significant attention paid towards the flow regime of granular sedimentation by using 
Galileos’ number (Hulshoff Pol et al., 1986, Grotenhuis et al., 1991a). This formula is 
derived for spherical particles settling in the intermediate region due to high Reynolds’ 
number. However, the morphology of granules, which is equally important when 
determining granular properties, surprisingly has not been paid greater attention. The 
“spherical shape” of granules seems to be an inherited language from one researcher to 
another, with little emphasis on the use of expressions adequately representing granular 
morphology. The non-sphericity of the particle plays an important role in changing the 
drag force. The higher the deviation from a sphere, the higher the drag force, so the non- 
spherical particle will settle at a slower rate than a spherical shape particle of the same 
density and volume (Tang and Raper, 2002).
Anaerobic granules are dense microbial structures that consist of different trophic 
groups. Electron micrographs have been widely used for the identification of different
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microbial groups and their probable locations in the granules (Macleod et al., 1990; 
Fang et al., 1994). In general, granules formed during the treatment of wastewaters 
(such as glucose, sucrose and brewery wastewaters), in which the final reaction 
(methanogenesis) is the rate limiting factor, tend to form a multi-layered ultrastructures 
with a wide diversity of microorganisms (Macleod et al., 1990; Fang et al., 1994). 
Facultative bacteria have been found to be the dominant microorganisms in the outer 
layer, while oxygen sensitive methanogens are dominant in the core of the granules 
(Shen and Guiot, 1996). A large number of cavities have also been reported in the core 
layer and have been identified as potential sites of gas production (Bochem et al., 1982; 
Macleod et al., 1990). Macleod et al., (1990) proposed a three layered structure of 
glucose-fed granules as shown in Figure 7.1. Granular growth on a single step substrate 
(acetate or formate) encourages the development of simple uniform microstructures 
(Fang et al., 1995). Furthermore, complex uniform structures were observed for 
granules grown on propionate (Grotenhuis et al., 1991b; Fang et al., 1995).
Figure 7.1 Proposed granular structure showing arrangement of metabolic groups in 
different layers related to substrate diffusion for carbohydrate-fed granules (from 
Macleod et al., 1990).
Only a small number of microscopic studies (Bhatti et al, 1995) have been carried out 
to measure the response or changes in the granular consortia brought from one 
anaerobic ecosystem to another. Moreover, little microscopic evidence is available on 
the effect of phase separation on the ecology of granules grown in a single stage system. 
In such anaerobic configuration, like the granular bed baffled reactor (GRABBR), it is
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suggested that stage microbial degradation might have a different effect on the 
ultrastructure of granules in different zones.
Unlike other completely mixed type anaerobic reactors, the GRABBR encourages phase 
separation at high loadings, accommodating different groups of microorganisms in 
different compartments or zones within the system. Acidogenesis is the dominant 
reaction in the compartments closer to the influent point, whilst methanogens are the 
dominant microorganisms in the downstream compartments. The methanogenic 
dominant zone usually retains the original seed granular form. However, granule 
disintegration and flotation take place in the acidogenic dominant zone. The breaking of 
granules causes an increase in non-granular microbial mass in the upstream 
compartments. In the literature, little is known of the causes of granular disintegration in 
stage anaerobic systems. Hence, the analysis of electron micrographs of granular 
consortia from acidogenic and methanogenic dominant phases of GRABBR, originally 
seeded with granules from a completely mixed system, i.e. up flow anaerobic sludge 
blanket (UASB), could give a better insight into microbial responses in different 
environmental conditions.
In the literature available to date, emphasis has been on the layering of the granular 
structure and presence of different types of methanogenic, acidogenic and syntrophic 
populations (Macleod et al., 1990; Fang et al., 1994). Although granular consortia are 
accepted as biofilms (Shen and Guiot, 1996), they have not been fully investigated as 
biofilm structures. Therefore, this study will also attempt to discover microbial species, 
other than those reported by a number of researchers (Macleod et al., 1990; Fang et al., 
1994; Bhatti et al., 1995), which could also be a part of biofilm structures. Hence, the 
aims of this study were to investigate:
• Importance of the morphology of anaerobic granules in determining granular 
properties.
• Size distribution of seed granular sludge and possible causes of granule 
disintegration.
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• Microbial ecology of granules and changes brought about by different 
environmental conditions on the granular structure subjected to different substrate 
conditions.
7.2 EXPERIMENTAL CONDITIONS
The samples for electron microscopy were obtained from Compartment 1 and 5 of 
GRABBR at the end of the experimental study detailed in Chapter 3.
7.3 RESULTS
7.3.1 Particle Size Distribution
Various sizes of seed UASB granules were observed along both axes by microscopic 
investigation as shown in Figures 7.2 and 7.3 respectively.. Dimensions along the long 
axis varied from 0.62 mm to 2.54 mm, whereas along the short axis varied from 0.42 
mm to 2.1 mm. The mean dimension along the long axis was 1.12 mm (standard 
deviation ± 0.34 mm and variance ± 0.12 mm), while for the short axis it was 0.87 mm 
(standard deviation ± 0.29 mm and variance ± 0.08 mm).. More than 45% and 74% of 
the granules were observed to be less than 1 mm along the long and short axes 
respectively. In order to judge the accuracy of the analysis, standard error bars were 
plotted on each set of bar data. The average error values were calculated as 2.41% and 
1.78% on each bar data, whereas a maximum error of 5.65% and 3.46% was determined 
for the long and short axis respectively. The majority of granules observed from an 
image analyser were ellipsoid in shape as shown in Figure 7.4.
7.3.2 Electron Microscopy
The granules obtained from Compartment 5 (methanogenic dominant zone) of 
GRABBR retained the same ultrastructure as the seed inoculum obtained from the 
UASB reactor. Thus, only studies with granules from Compartment 5 (methanogenic 
dominant zone) and Compartment 1 (acidogenic dominant zone) of the GRABBR are 
reported.
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Figure 7.2 Granular size distribution along long axis of seed granules obtained from 
upflow anaerobic sludge blanket system using vernier measuring microscope (Average 
and maximum error bars were calculated as 2.41% and 5.65% respectively).
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Figure 7.3 Granular size distribution along short axis of seed granules obtained 
from upflow anaerobic sludge blanket system using vernier measuring microscope 
(Average and maximum error bars were calculated as 1.78% and 3.46% respectively).
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Figure 7.4 Ellipsoid shape of anaerobic granules obtained from upflow anaerobic 
sludge blanket system was evident from image analyser (Bar = 1.25 mm).
7.3.2.1 Transmission Electron Microscope
The granules from the methanogenic dominant zone, i.e. Compartment 5, exhibited five 
apparent microbial zones (Figure 7.5a), whilst granules from the acidogenic dominant 
zone, i.e. Compartment 1, consisted of four such zones from the outer surface to the 
core (Figure 7.5b). The zoning or boundary was not distinct between the different 
groups of microorganisms in the acidogenic dominant zone samples, as with the 
methanogenic dominant zone granules. Granules from the methanogenic dominant zone 
consisted of a relatively smooth and regular exterior layer (Figure 7.5a). While, granules 
from the acidogenic dominant zone exhibited irregular outer surfaces with less dense 
internal structures (Figure 7.5b). A densely packed outer zone of microorganisms was 
observed in the methanogenic dominant zone granules (Figure 7.6). Methanothrix-like 
microorganisms were dominant in the core zone of both granules (Figure 7.7), though 
lower numbers were observed in the acidogenic dominant zone samples (Figure 7.5).
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Regular shape viruses were observed in the ghost cells of granules (Figure 7.8), thus 
suggesting the presence of bacteriophage. The cell division of rod shaped morphotypes 
was evident in the granular samples (Figure 7.9). The cells consisted of a nuclear area 
and cytoplasmic material, with peptidoglycan sandwiched between cytoplasmic 
membranes on the division plane. Coccoid cells or transverse sections of a bundle or rod 
shaped bacteria were also observed (Figure 7.10). Moreover, structures resembling 
spirochaete bacteria were also visible in the granular biomass (Figure 7.11).
7.3.2.2 Scanning Electron Microscope
The texture (surface topography) of the methanogenic dominant zone granules was 
more regular, rigid and stable with a densely packed outer layer (Figure 7.12a), while, 
granules from the acidogenic dominant zone exhibited fissures, a less stable structure 
and broken parts with a rough exterior surface (Figure 7.12b). A protozoa-like structure 
was sighted on the exterior surface of a granule (Figure 7.13). A further close-up of this 
structure revealed openings, which could be the excystment scars or vacuoles. A 
network of methanogen-like species was observed in the core zone with large numbers 
of cavities (Figure 7.14). Extracellular polymeric substances (EPS) were observed 
within the entire granular structure (Figure 7.15). A large number of bacterial cells were 
surrounded by EPS, and in some sections EPS was peeled away from the cells (Figure 
7.16). The outer layers of a granular sample showed high amount of EPS in the exterior 
zones (Figure 7.17). A high magnification of the granular biomass showed a regular 
alignment of methanogen-like bacterial cells (Figure 7.18). The surface of a few 
observed samples showed layering in two different directions (Figure 7.19), which 
could be the results of abrasion by other granules or the reactor walls. Micrographs of 
broken granules, and structures with fissures and broken surfaces were evident during 
examination of samples (Figure 7.20).
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Outer zone
Zone 1
Zone 2
Zone 3
Core zone
Figure 7.5 (a) Five apparent microbial zones are visible from outer surface to the core of the
granule sampled from methanogenic dominant zone of granular bed baffled reactor (GRABBR). 
Vast diversity of bacterial species is evident with few open spaces. Methanothrix spp. is dominant 
in the central core (Bar = 2 pm), (b) Four apparent microbial zones are visible from outer layer to 
the core of the granule sampled from acidogenic dominant zone of GRABBR. The exterior 
surface is adversely affected with no defined boundary due to high acidogenic activities in this 
zone of GRABBR. Layering within the granule is not distinct with few open spaces and relatively 
less numbers of Methanothrix spp. are visible at the central core (Bar = 2 pm).
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Figure 7.6 Densely packed microorganisms are observed at the exterior layer of 
granular sludge obtained from methanogenic dominant zone of granular bed baffled 
reactor (Bar = 500 nm).
Figure 7.7 Methanothrix-like species are predominant organism in the core of 
methanogenic granular sludge (Bar = 1 pm).
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Figure 7.8 Regular shape viruses are visible in the ghost cell of granule. This 
suggest the presence of bacteriophage (Bar =100 nm).
Nuclear area
Cytoplasmic
membrane
Peptidoglycan
Cytoplasmic
membrane
Cytoplasmic
material
Figure 7.9 Transmission electron micrograph showing cell division of rod shape 
morphotype with cell wall in between cytoplasm of granule. DNA area is visible within 
the cell (Bar = 100 nm).
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Figure 7.10 Cluster of coccoid cells or transverse section of a bundle or rod 
shape bacteria in granular biomass (Bar = 200 nm).
Spirochaete
bacteria
Figure 7.11 Electron micrograph revealing structure resembling with 
spirochaete bacteria in granular consortium (Bar = 50 nm).
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Figure 7.12 (a) Image showing the granule from methanogenic dominant zone of
granular bed baffled reactor. As evident from above electron micrograph, the observed 
samples from this zone mainly revealed densely packed structure with smooth regular 
surface.
Figure 7.12 (b) Scanning electron micrograph showing the granule from acidogenic
dominant zone of granular bed baffled reactor. As shown in above image, the granules 
from this zone contained fissures with an irregular surface morphology, caused mainly 
by acidogenic organisms.
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Figure 7.13 (a) Protozoa-like structure is visible on the surface of granule.
Excystment scars or 
vacuoles
Figure 7.13 (b) High magnification of Fig. 7.13a shows openings on this specie,
which could be the plausible excystment scars or vacuoles for waste removal.
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Possible 
gas vents
Figure 7.14 Methanogenic species are found to be dominant in the core zone of 
anaerobic granule. Large numbers of cavities are visible in the core of granular 
structure, which are believed to be the sites for possible gas vents.
Figure 7.15 Extracellular polymeric substances were observed within the entire 
granule. It could be acting as a binding material between different groups of 
microorganisms.
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Figure 7.16 (a) Scanning electron micrograph showing bacterial cells in granule
covered in extracellular polymeric substances.
EPS
Bacterial
cell
Figure 7.16 (b) High magnification of Fig. 7.16a shows extracellular polymeric
substances (EPS) peeled away from the bacterial cell.
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EPS
Bacterial
Cell
Figure 7.16 (c) Image showing arrangement of bacterial cells in granule surrounded
by extracellular polymeric substances (EPS).
Figure 7.17 Outer zones of granule reveals large amount of extracellular 
polymeric substances.
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Figure 7.18 High magnification of granule showing a regular alignment of 
methanogen-like bacterial cells.
Figure 7.19 Surface of the few granules showed layering / scouring in different 
directions which could have formed due to the reactor hydrodynamics causing 
abrasions by other granules or reactor walls.
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Figures 7.20 (a & b) Scanning electron micrographs showing large cracks on the 
granular structure. These possibly show the signs of granule disintegration.
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Granular
breakage
Fissures
Figure 7.20 (c) Micrograph showing the part of broken granule with fissures or
excision scars after possible granular disintegration.
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7.4 DISCUSSION
The morphology of anaerobic granules observed in this study when compared with 
previous studies (Hulshoff Pol et al., 1986; Grotenhuis et a l, 1991a; Arcand et a l, 
1994; Shen and Guiot, 1996) presents an apparent contradiction. The traditional 
granular shape is assumed or considered to be a sphere (Hulshoff Pol et al., 1986; 
Grotenhuis et a l , 1991a; Arcand et al., 1994; Shen and Guiot, 1996). However, most of 
the granules observed in this study were ellipsoid in shape. A sphere is a figure with 
every point on its surface equidistant from its centre (Oxford Dictionary, 1995), which 
is in disagreement with the morphology observed in the majority of granules examined 
in this study (Figure 7.4). The particle size distribution of granular samples revealed two 
different dimensions along two axes, which is in contrast to the above-mentioned 
definition of sphere. The correlation between the size and settling velocity has been 
obtained by considering granules to be spherically shaped structures (Hulshoff Pol et 
al., 1986; Grotenhuis et a l , 1991a; Batstone and Keller, 2001). Grotenhuis et a l 
(1991a) observed different size distributions for the same sample when calculated from 
an equation derived from the Galileo’s number (which applies to spherical particles in 
intermediate regime) and an image analysis method. Batstone and Keller (2001) 
observed a difference of more than two-fold between the measured and theoretical 
settling velocity of protein grown granules determined by water column and Galileo’s 
number respectively. Similar discrepancies were observed in the experimental and 
calculated velocities of granular size aggregates by assuming them as spheres (Beetfink 
and Heuvel, 1988). It is believed that due to the non-spherical shape of granules, an 
error of high magnitude was observed in these studies by using relationships applicable 
to spherical shape particles. This shows that proper assessment of granule morphology 
is fundamental before applying any derivation based upon the shape of granules. This 
study has shown that the adopted model expression for settling velocity or size 
distribution should consider the ellipsoidal shape of the granules.
Terminal settling velocities are calculated by monitoring sedimentation of granules in a 
water column (Hulshoff Pol et a l , 1986; Batstone and Keller, 2001). However, other 
factors, such as the possibility of a continuous upflow velocity exerting pressure on 
granules and the turbulence produced in the liquid medium due to continuous gas
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production, can affect the terminal velocity of the granules in anaerobic systems. In 
other words, the actual settling velocity in the bioreactor may be lower than that 
calculated. Thus, further research is required to ascertain the influence of upflow 
velocity and gas production on settling characteristics.
Particle size distribution graphs showed the presence of two prominent populations of 
sizes along each axis. Peak values were in the range of 0.9 to 1.0 mm (larger 
population) and 1.4 to 1.5 mm (smaller population) along the long axis. The distribution 
curve along the short axis revealed larger and smaller populations in the range of 0.7 to
0.8 mm and 1.0 to 1.1 mm respectively. The presence of two populations along both 
axes is the reason the curves do not follow a normal distribution. Furthermore, particle 
size distribution curves along both axes (Figures 7.2 and 7.3) show that most of the 
aggregates tend to have smaller sizes, revealing their role in maintaining the stability 
and balance in the reactor system, as illustrated by other researchers (Beetfink and 
Staugaard, 1986; Yan and Tay, 1997). It can be predicted from the size distribution 
curves along both axes that there was a dynamic equilibrium between growth and 
disintegration of seed granules in the UASB system. Disintegration may be attributed to 
the reactor operational and microbial environment, which supports a particular size 
range of granules.
Viruses and protozoa-like structures were observed in the granular sludge. The 
occurrence of these organisms has been previously reported in biofilms and wastewater 
sludges (Schwartzbrod and Mathieu, 1986; Quignon et al., 1997; Brown et al., 1998). 
Protozoa are the consumers of bacteria and their observation on the surface layer of a 
granule is believed to play a vital role in controlling the growth of bacterial cells in this 
zone. The presence of viruses could be responsible for destroying cells and weakening 
the internal structure of the granules. The observation of viruses in anaerobic granular 
sludge is not surprising as sludges from mesophilic anaerobic digestion processes 
contain a viable amount of viruses (Bertucci et al., 1977; Carrington et al., 1991).
The electron micrographs revealed that microbial populations in granular consortia 
behaved differently under different substrate conditions. A deficient bacteriological 
structure of the granules from the acidogenic dominant zone (Figures 7.5b and 7.12b) 
was probably due to the presence of a high amount of un-acidified substrate present in
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this zone. This tends to suggest that conditions in the acidogenic dominant zone of the 
GRABBR were unfavourable for microorganisms within granules to maintain stable 
structure. However, the granules maintained compact and dense structure in the 
methanogenic dominant zone (Figures 7.5a and 7.12a), which was mainly receiving 
acidified substrate.
The images of granules from the acidogenic dominant zone revealed fissures, broken 
surfaces and relatively fewer bacterial species within the structure (Figures 7.5b and 
7.12b) when compared with the methanogenic dominant zone samples. This could be 
due to the result of a fermentation process in this zone, an environment suitable for 
facultative microorganisms. This condition might have encouraged granular outer-zone 
species, mainly facultative organisms, to leave granular consortia, thus leaving 
insufficient protection for the core zone strict anaerobic microorganisms (mainly 
methanogens) to survive, and ultimately breakage of granules in this zone. It appears 
that methanogenic populations (anaerobic microorganisms) in the core of the granular 
sludge are protected by the less oxygen-sensitive facultative organisms predominantly 
in the outer zones. An other cause of granule disintegration, as described above, could 
be the presence of some species, like viruses. Moreover, the natural process of granular 
growth up to a certain size range and its disintegration, depending upon the operational 
and environmental conditions, could also cause granule breaking. It is believed that in 
the acidogenic dominant zone, fermentative activities would be most likely responsible 
for granule disintegration. While the natural process of disintegration and the presence 
of bacteriophage would most probably represent the disintegration process of granular 
consortia in other zones of an anaerobic system. On the basis of this explanation, a 
schematic diagram of granular disintegration in the acidogenic dominant zone of stage 
anaerobic system with carbohydrate feed is shown in Figure 7.21. The micrographs of 
cracked and broken granules (Figure 7.20) might possibly represent stages in the 
disintegration process of granular consortia occurring via one of the above process.
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Figure 7.21 Schematic diagram of possible granule breaking in the acidogenic 
dominant environment of stage anaerobic reactor. (1) Granular sludge present as 
inoculum. (2) Un-acidified substrate in the acidogenic dominant zone of the system may 
favour the environment for granular organisms to lose their structure due to increased 
acidogenic activities. (3) Ultimately, disintegration of granular consortium into sheath 
like debris of granule combined with the formation of new microbial mass, which might 
be washed out from the reactor due to their non-granular nature and light dense 
structure.
The granules examined in this study exhibited a considerable diversity of 
microorganisms. Electron microscopy observations showed mixed populations of 
various sizes with rods, cocci and filament-like species in the samples. Changes in the 
environmental ecosystem of granules from a completely mixed unit (UASB reactor) to a 
phase separation unit (GRABBR), brought about changes to the granules in the 
acidogenic dominant zone. More than three microbial zones were apparent in the 
granular consortia (Figure 7.5), demonstrating that the anaerobic granules have a more 
complex structure and bacteriology than previously reported by other researchers 
(Macleod et al., 1990; Fang et al., 1994). It is believed that the substrate (paper mill 
wastewater) on which granules were originally grown have contributed to such a 
layered structure. The dominance of Methanothrix-likQ microorganisms in the centre 
core is an indication of this species role in granule formation. A large number of 
Methanothrix-liks populations have also been observed in the core zone of anaerobic
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granules by other researchers (Macleod et al., 1990; Fang et al., 1994). Methanogen- 
like species in the granular consortia consisted of a large number of cavities, which 
could be the possible gas vents for methane production (Figure 7.14), as also observed 
by other writers (Bochem et al., 1982; Macleod et al., 1990). The presence of a large 
amount of EPS in the observed samples may be the product of the consortium of 
microorganisms present in the granular structure. They are believed to be the means for 
maintenance of the compact internal structure of the granules, as also reported by other 
authors (Ross, 1984; Macleod et al., 1990).
7.5 CONCLUSIONS
This study revealed the morphology of granules as ellipsoid. This was evident by 
microscopic images and two axes size distribution. Discrepancies in the determination 
of granular parameters in the previous studies could be attributed to the wrong 
assumption that granules are spheres. Hence, proper evaluation of the granular 
morphology should be made before determining any physical property using shape 
dependent empirical relationships. The granular structure was found to possess a more 
complex bacteriology than previously reported, with more than three apparent zones. A 
vast diversity of microorganisms was observed in the granular consortia attached 
closely together by EPS, with Methanothrix-liks species dominant in the core. Viruses 
were also observed, which could be the causal agents for the breaking of granules. 
Granular consortia were found to lose their structure and microbial populations in the 
acidogenic dominant zone of the GRABBR, mainly due to high fermentative activities 
in this zone, encouraging facultative microorganisms of granules to leave the structure. 
The biofilm structures were preserved in other zone(s), where they received mainly 
acidified substrate, causing their disintegration either by natural disintegration process 
or bacteriophage.
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CHAPTER 8
COMBINED INTEGRATED SYSTEM FOR 
BREWERY WASTEWATER TREATMENT
This chapter elucidates the practical application o f the granular bed baffled reactor 
with industrial (brewery) wastewater for carbon and nitrogen removal with two-stage 
anaerobic-aerobic configuration.
8.1 INTRODUCTION
With the implementation of various European Union (EU) Directives relating to 
wastewater treatment and disposal, reliable and cost effective systems are required for 
treating high strength wastewaters in order to comply with these stringent standards. In 
the United Kingdom, the water companies treat most of the high strength industrial 
effluents in the municipal sewage works by aerobic processes. The water companies 
charge the industrial sector for discharging wastewater into the sewerage system by 
using the Mogden Formula (Ofwat, 2003). This formula calculates the unit charge 
(pence) per m3 of wastewater on the basis of effluent volume and pollutant load. Thus 
the amount payable by a specific industrial sector on their effluent discharge will 
depend on the pre-treatment the effluent receives prior to its discharge into the sewerage 
system. Due to the high organic strength of some industrial wastewaters, e.g. food / 
beverage and agriculture processing effluents, an industry may end up paying a high 
disposal cost to the water company, which in turn needs to meet consent conditions 
imposed on their discharges to controlled waters set by the local environment agency. 
Furthermore, water authorities can also put restrictions on discharge of an industrial 
effluent into the local sewage works in order to meet water quality standards of the 
regulating body.
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The application of anaerobic systems has flourished in the last two decades for the 
treatment of effluents from food and beverage processing wastewaters, pulp and paper, 
and the chemical sector (Frankin, 2001). This is mainly due to the ease with which these 
effluents are adapted to anaerobic microorganisms. Among these industrial applications, 
food and beverage processing plants produce large volumes of wastes, which if not 
treated, potentially cause severe pollution to the receiving waters. These wastewaters 
generally have high organic strength (chemical oxygen demand, COD and biochemical 
oxygen demand, BOD), high solids content and are sometimes rich in nutrient content 
(organic/ammoniacal nitrogen and phosphorus). Complete treatment of this type of 
wastewater in a sewage treatment plant by water companies could be expensive for 
heavy industrial polluters on the long term.
In order to achieve discharge standards for direct discharge into a water body, anaerobic 
technology alone may not meet the desired effluent quality. A combined 
anaerobic/aerobic two-stage treatment process is considered as the most economical 
solution for complete organic carbon removal from high strength industrial wastewaters. 
The bulk of organic matter will be removed in the anaerobic system and the remaining 
carbon will be removed in the aeration unit, but with a minimal aeration cost. However, 
if the industrial effluent is also rich in nitrogenous compounds, only a small portion of 
organic nitrogen will be converted to ammonium for cell synthesis during anaerobic 
treatment, and the remaining ammonium in the effluent of anaerobic process can be 
nitrified in the subsequent aerobic unit. However, this nitrified ammonium (in the form 
of nitrate) requires a denitrification unit and external carbon source for complete 
nitrogen removal, as effluent from an aerobic unit will probably contain insufficient 
amount of carbon to achieve complete denitrification. Integration of denitrification and 
methanogenesis in a single reactor has been reported as an alternative method to the 
conventional treatment concept of anaerobic carbon removal followed by nitrification- 
denitrification processes for nitrogen removal (Kuroda et al., 1988; Hanaki and 
Polprasert, 1989; Akunna et a l , 1992 & 1994b; Lin and Chen, 1995; Hendriksen and 
Ahring, 1996a; Bemet et al., 2000). This has been discussed in detail in Chapter 5.
Breweries are large industrial consumers of water as well as producers of wastewater. 
Due to the high biodegradability and varying nature of brewery waste, anaerobic 
processes have been widely used for their effluent treatment (Frankin, 2001). This
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industrial sector has also been specifically mentioned in the EU Directive for the control 
of their effluent discharge (European Union Council of Ministers -  European Urban 
Waste Water Treatment Directive 91/271/EEC, 1991).
The studies reported in Chapters 3, 4 and 5 with synthetic medium showed the novel 
aspects of a granular bed baffled reactor (GRABBR). These studies have shown the 
capabilities of a GRABBR for removing carbonaceous and nitrogenous pollution. The 
study reported in this Chapter was designed to use a GRABBR for treating natural 
industrial wastewaters. The aim of this study was two-fold:
• To investigate the effectiveness of a GRABBR with brewery wastewater in terms of 
treatment efficiency at varying operational conditions.
• To examine the feasibility of a GRABBR for two-stage anaerobic-aerobic 
configuration for both organic carbon and nitrogen removal from the brewery 
wastewater at various influent to nitrate recycling ratios from nitrification unit.
8.2 MATERIALS AND METHODS
8.2.1 Nitrification Unit
The nitrification unit was a 10 litre perspex-made cylindrical unit. The seed for the 
nitrification unit was obtained from an activated sludge treatment plant treating 
domestic sewage from Kerrimuir. The nitrification unit was operated at room 
temperature (18 to 22°C). The aeration in the nitrification unit was provided by using air 
module pump device (LH Fermentation Ltd., Slough UK), with aeration range of 0 to
2.5 1 min'1. The aeration rate was controlled through a knob on the aeration equipment. 
Continuous mixing was provided with stirrer in the nitrification unit. The two-stage 
complete experimental set-up is shown in Figure 8.1.
8.2.2 Experimental Design
The GRABBR was started with an organic loading rate (OLR) of 2.16 kg COD m'3 d'1, 
corresponding to a hydraulic retention time (HRT) of 55.5 hrs. Loading rates were
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increased to 3.36, 5 and 13.38 kg COD m'3 d'1, corresponding to HRTs of 36 hrs, 22 hrs 
and 19.23 hrs respectively. The influent COD was maintained at about 5000 mg l’1 up to 
a loading rate of 5 kg COD m'3 d'1, thereafter increases in OLR from 5 to 13.38 kg COD 
m‘3 d' 1 were mainly achieved by increasing the feed concentration to a COD of 10720 
mg l'1.
Gas collection
Figure 8.1 Schematic diagram of combined carbon and nitrogen removal in granular 
bed baffled reactor with downstream aerobic (nitrification) unit.
Before commencing the combined carbon and nitrogen removal study (anaerobic- 
aerobic configuration), the HRT of the GRABBR was adjusted to 72 hrs when the feed 
COD concentration was 10720 mg l'1. The ammoniacal nitrogen (NH4-N) loading rate 
and OLR of the GRABBR were 0.13 kg NR, m'3 d' 1 and 3.57 kg COD m'3 d'1 
respectively. Long HRT was applied to obtain stable nitrification performances at 
different recycling ratios. Once steady state conditions were achieved, the aerobic unit 
was connected with the effluent of the GRABBR to produce a nitrified effluent from 
ammonia. This was achieved by aerating the anaerobically pre-treated effluent for a 
period of time to oxidise ammonia in the aerobic unit. The effluent from the aerobic unit 
was not recycled until full nitrification was achieved. Three recycling ratios of influent 
to nitrified effluent were studied, viz. 1:1, 1:1.5 and 1:2. The nitrified effluent from the 
aerobic unit was added to the stream of the GRABBR influent just before the point of
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entrance to the first compartment by using a peristaltic pump. The choice of this point 
for nitrate addition followed the results of previous studies (reported in Chapter 5), 
where it was concluded that denitrification in the upstream compartments (acidogenic 
dominant zone) of the GRABBR would bring about greater stability for simultaneous 
denitrification and methanogenesis. The flow conditions of this study are shown in 
Table 8.1. No pH correction was applied in this study.
Table 8.1 Flow conditions for integrated system (granular bed baffled reactor and 
nitrification unit) for brewery wastewater treatment.
Parameter Influent to nitrate recycling ratios
1:0 1:1 1:1.5 1:2
Nitrified effluent (Id '1) 0 3.33 5 6.66
GRABBR3feed ( I d 1) 3.33 6.66 8.33 10
HRTb (hrs) 72 36 30 24
a Granular bed baffled reactor 
b Hydraulic retention time
8.3 RESULTS AND DISCUSSION
This section is divided into two parts. The first part reports the performance of the 
reactor with brewery wastewater prior to nitrogen removal. The second study reports the 
integrated system for nitrogen and carbon removal with the GRABBR and nitrification 
unit.
8.3.1 Reactor Performance Prior to Nitrogen Removal
The reactor achieved a COD removal of 93% to 96% during all applied OLRs, at steady 
state conditions, as shown in Figure 8.2. The first compartment COD removals were 
43%, 27% and 30% at OLRs of 2.16, 3.36 and 5 kg COD m'3 d'1 respectively, with an 
effluent COD removal of over 95%. At steady state conditions, the first three 
compartments removed COD of 94% to 96% at OLRs of 2.16 to 5 kg COD m'3 d'1, 
hence necessitating only three compartments for complete treatment. An increase in 
OLR from 5 to 13.38 kg COD m' d" was mainly achieved by increasing the feed COD 
concentration, which brought about a wider spread of COD profile to the compartments
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of the GRABBR. This increase in OLR created noticeable phase separation between 
different microorganisms, mainly acidogenesis and methanogenesis, along the length of 
the reactor, involving all the compartments in different microbial activities. Phase 
separation between acidogenesis and methanogenesis provided optimum growth 
conditions for fast-growing acid producing bacteria and the slow-growing methanogenic 
population. This condition was favourable for improving reactor performance and 
stability. Increasing the organic and hydraulic loading rates led to a decrease in the 
methanogenic zone, due to an extension of the acidogenic activities in the upstream 
compartments of the system, an observation also reported in Chapters 3 and 4.
Figure 8.2 Chemical oxygen demand (COD) concentrations in each compartment of 
granular bed baffled reactor at different organic loading rates: ( • )  13.38 kg COD m' d‘
(▲) 5 kg COD m'3 d'1, (□) 3.36 kg COD m'3 d \  (O) 2.16 kg COD m'3 d'1.
The volatile fatty acid (VFA) profile in the first compartment at an OLR of 3.36 and 5 
kg COD m*3 d'1 is shown in Figure 8.3. It seems from these results (Figure 8.3), and the 
synthetic wastewater study (Chapters 3 and 4), that a GRABBR type configuration 
enhances butyrate production over propionate, particularly at high loads (Chapters 3 and
4). Acetate and butyrate are considered as optimal fermentation products for the 
methanogenic phase (Zoetemeyer et al., 1982; Ren et al., 1997; Azbar et al., 2001). 
Propionate is not directly subjected to methanogenesis and accumulates readily in 
anaerobic reactors (Bhatia et al., 1985; Tartakovsky and Guiot, 1997; Shin et al., 2001). 
Hence, formation of butyrate is desirable over propionate, because it is easily
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metabolised to methane. Thus, the acidogenic dominant zone of the GRABBR enhances 
the production of more favourable substrates for the methanogenic phase.
□  a ce ta te  
H propionate
■  butyrate
■  valerate
Figure 8.3 Volatile fatty acid profile in the first compartment of the granular bed 
baffled reactor at organic loading rate (OLR) of 3.36 and 5 kg COD m'3 d"1.
The pH in different compartments varied between 6.5 and 7.6 at various operational 
conditions. There was a general increase in the pH levels downstream of the reactor, 
similar to the results in previous studies (Chapters 3 and 4). The pH in the first 
compartment remained greater than 6.5 throughout the experimental study.
Gas production increased with increases in organic load, increasing from 16 to 62 1 d'1 
of biogas for an OLR of 2.16 to 13.38 kg COD m'3 d"1. A graph of methane production 
and composition against loading rates is shown in Figure 8.4. A high methane yield was
observed in this study, varying from 0.37 to 0.47 m CH4 kg' CODremovecj. The 
reported methane yield for most of the anaerobic systems is 0.35 m CH4 kg' 
CODremoved (Pohland, 1992). Improved gas yield in this study is believed to be due to
the effectiveness of the phase separation process with granular bed. A high gas yield has 
also been reported in other phase separated and/or two-phase systems (Ghosh et al., 
1975; Speece et al., 1997). This methane rich gas can be utilised for generating heat or 
electrical energy. For example, the specific biogas production from brewery wastewater 
at the highest loading (13.38 kg COD m'3 d '1) was measured as 0.5 m3 kg' 1
CODremoveci. Based on the experimental results, and assuming a large-scale 100 m
1 3 1GRABBR treating brewery wastewater of COD concentration of 10.7 g 1 ,  620 m d'
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of biogas will be produced if the reactor is operated at an OLR of 13.38 kg COD m'3 d'1 
and achieves a COD removal of 93%. Assuming the calorific value of biogas as 22 MJ 
m'3 (British BioGen, 2003), the biogas yield will be equivalent to 13640 MJ d"1. 
Assuming a mere 30% conversion to electricity, the daily electrical energy produced by 
a GRABBR treating 100 m3 of this brewery wastewater will be 1137 kWh. This energy 
recovery could be used for various applications in the brewery process.
Figure 8.4 Methane production ( • )  and composition (O) for different organic 
loading rates (OLRs) at steady state conditions for brewery wastewater treatment in 
granular bed baffled reactor.
The GRABBR was also found to be efficient in biomass retention. Effluent total 
suspended solids (TSS) were measured in the range of 30 to 135 mg l'1. Similar to the 
synthetic wastewater studies reported in Chapters 3 and 4, breaking and flotation of 
granular sludge in the early compartments was observed. Effluent TSS also contained 
non-granular biomass, produced predominantly in the upstream acidogenic 
compartments.
8.3.2 Reactor Performance during Nitrate Addition
The profiles of COD, NOx-N (nitrate and nitrite nitrogen) and ammonium nitrogen 
(NH4-N) for a two-stage (GRABBR and aerobic) configuration are shown in Figures
8.5, 8.6 and 8.7 respectively.
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In C1 C2 C3 C4 C5 Eff
Figure 8.5 Chemical oxygen demand (COD) profile at different recycling ratios of 
influent to nitrified effluent. Recycling ratio of zero (O), recycling ratio of 1 (■), 
recycling ratio of 1.5 (A) and recycling ratio of 2 (•) . Key: Cl, C2, C3, C4 and C5 
represents compartments of granular bed baffled reactor, In = influent of granular bed 
baffled reactor and Eff = effluent of aerobic unit.
Figure 8.6 NOx-N (nitrate and nitrite nitrogen) profile at different recycling ratios 
of influent to nitrified effluent. Recycling ratio of zero (O), recycling ratio of 1 (■), 
recycling ratio of 1.5 (A) and recycling ratio of 2 (•) . Key: Cl, C2, C3, C4 and C5 
represents compartments of granular bed baffled reactor, In = influent of granular bed 
baffled reactor and Eff = effluent of aerobic unit.
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Figure 8.7 Ammonium nitrogen (NH4-N) profile at different recycling ratios of 
influent to nitrified effluent. Recycling ratio of zero (O), recycling ratio of 1 (■), 
recycling ratio of 1.5 (A) and recycling ratio of 2 (•) . Key. Cl, C2, C3, C4 and C5 
represents compartments of granular bed baffled reactor, In = influent of granular bed 
baffled reactor and Eff = effluent of aerobic unit.
COD and ammonium concentrations in the influent of the GRABBR were reduced 
during recycling of the nitrified wastewater mainly due to the dilution of the feed. 
However, the NH4-N loading rate (kg NH4 m'3 d'1) and organic loading rate (kg COD
'i  I
m' d ' ) remained constant due to the decrease in HRT with a continuous dilution. The 
nitrate concentrations varied between 66 and 210 mg NO3-N l"1, while nitrite 
concentrations varied between 4 and 8 mg NO2-N f 1 in the aerobic unit for the three 
recycling ratios of influent to nitrified effluent (1:1, 1:1.5 and 1:2). All the nitrates 
added to the GRABBR were denitrified in the first two compartments. The GRABBR 
was subjected to nitrate loading rates of 533 to 760 mg NO3-N l'1 d'1 for the recycling 
ratios of 1 to 2. In general, denitrifying microorganisms in the GRABBR adapted 
quickly to the changes in the operational conditions. Almost all the ammonia was 
converted to nitrate with small traces of nitrite in the aerobic unit during all recycling 
ratios. An overall COD removal of over 99% was observed during all the recycling 
ratios.
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Organic matter and nitrate were removed simultaneously in the GRABBR at different 
recycling ratios of influent to nitrified effluent. Prior to nitrate addition, 16% of 
ammonium nitrogen was assimilated in the upstream compartments of the GRABBR for 
cell synthesis. The anaerobic effluent contained an ammonium concentration of about 
320 mg l'1 before ammonia oxidation in the aerobic unit. During nitrate recirculation, 
removal of nitrates fed into the GRABBR is believed to take place via denitrification 
rather than ammonification. This observation was made on the basis that no noticeable 
increase in the ammonium concentration was noted during the different recycling ratios.
A high COD removal in the GRABBR provided favourable conditions, i.e. low COD 
concentrations, for the nitrification process in the following aerobic unit. Nitrification 
processes are reported to be inhibited by a high substrate carbon content (Hanaki et al., 
1990, Im et al., 2001). High concentrations of carbon can simulate the growth of 
heterotrophic bacteria, which out compete nitrifiers for their basic substrate, i.e. 
ammonia and oxygen (Sharma and Ahlert, 1977). Furthermore, the nature of the 
substrate can also affect the degree of inhibition of the nitrification process, with VFA 
being less toxic to the nitrifiers (Barber and Stuckey, 2000b). It is believed that the VFA 
(simpler form of carbon) was the main organic substrate entering the nitrification unit.
Methane production was observed throughout the experimental period, and this suggests 
that methanogenesis occurred simultaneously with denitrification, both contributing in 
COD removal mainly as a result of nitrate removal and methane production in different 
compartments. Recycling of NOx-N from the nitrification unit to the GRABBR brought 
about decreases in methane production. This might be due to less COD being available 
for methane production. Methane composition was recorded in the range of 25% to 50% 
during nitrate recirculation. The disadvantage of an integrated system for combined 
nitrogen and carbon removal is that the biogas produce is a mixture of methane and 
nitrogen gas, hence a less useful energy source (Mosquera-Corral et al., 2001). 
However, a GRABBR system may offer the advantage of separately collecting the gas 
produced from the denitrifying (acidogenic) and methanogenic zones, thus recovering 
only the biogas with a high calorific value from the methanogenic dominant zone.
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8.4 CONCLUSIONS
The GRABBR achieved a high COD removal, biomass retention and methane yield 
under various OLRs at steady state conditions with brewery wastewater prior to nitrate 
addition. Noticeable phase separation between acidogenesis and methanogenesis was 
observed at a high OLR with granular breaking and flotation in the acidogenic dominant 
zone. In the GRABBR type system, denitrification and carbon removal can be ensured 
in a single unit. Due to nitrate addition in the acidogenic dominant zone, sufficient 
carbon would always be available for the completion of the denitrification process of 
the reactor, and the rest will be converted to methane, mainly in the downstream 
compartments. The results for the brewery effluent showed the suitability of the 
combined integrated system (GRABBR and nitrification unit) for simultaneous 
denitrification and methanogenesis for carbon and nitrogen removal. The GRABBR can 
be operated at high OLRs, and an active denitrification zone can be developed in the 
acidogenic dominant zone by recycling nitrified effluent into the feed of the GRABBR. 
The entire system (GRABBR and nitrification unit) ensured a COD removal of over 
99%, with complete nitrate removal in the GRABBR. The NOx-N levels (mainly in the 
form of nitrate) in the final effluent of aerobic unit decreasing with an increase in the 
influent to effluent recycling ratio. Furthermore, biogas from methane rich 
compartments can be removed separately for energy production.
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CHAPTER 9
GENERAL DISCUSSION
This chapter briefly discusses the results o f this study in the light o f current literature, 
and explains the originality o f the work. Finally, the main conclusions are drawn with 
suggestions for further work.
In this study, the properties of an anaerobic baffled reactor (ABR) and granular sludge 
have been brought together to create an anaerobic granular bed baffled reactor 
(GRABBR). This reactor configuration was designed to obtain three characteristics, viz. 
plug flow, phase separation and granular bed, in a single anaerobic system. The system 
was investigated for organic matter and nitrate removal at various operational 
conditions with a defined chemical mixture of glucose wastewater and natural 
wastewater in the form of brewery effluent. Furthermore, biomass in the system was 
examined to investigate the effect of phase separation and nitrate addition on its 
biochemical and microbiological properties.
9.1 REACTOR PERFORMANCE FOR ORGANIC MATTER REMOVAL
The GRABBR performance with synthetic glucose and brewery wastewaters under 
various operational conditions is summarised in Table 9.1. With synthetic glucose and 
brewery wastewaters, high treatment efficiencies of the GRABBR system were mainly 
attributed to its plug flow, (multi) phase separation and granular bed properties. At 
lower volumetric organic loading rates (OLRs), with long hydraulic retention times 
(HRTs), the reactor behaved as a completely mixed system due to the high treatment 
efficiencies achieved in the first compartment. Noticeable phase separation was 
observed when higher OLRs were applied to the GRABBR. This resulted mainly in 
acidogenesis occurring in the upstream compartments and methanogenesis in the 
downstream compartments. An increase in OLR allowed a greater number of
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compartments to contribute to wastewater treatment due to the spread of microbial 
activities. This characteristic of the reactor was found advantageous while treating a 
wastewater stream subjected to rapid hydraulic shock loads, as reported in Chapter 4. 
This shows the suitability of the GRABBR for treating industrial wastewaters with 
highly variable production rates. Soluble chemical oxygen demand (SCOD) removal
-3 -1efficiencies with synthetic wastewater at maximum applied OLR (20 kg COD m' d ' ) 
were 94% to 98%, for both steady increment and hydraulic shock load studies. 
However, a simple ABR at the same OLR, with an advantage of relatively longer HRT, 
only achieved a COD removal of about 75% (Bachmann et al., 1985; Boopathy and 
Tilche, 1992). This shows the effectiveness of the GRABBR over simple ABR systems. 
Furthermore, the reactor was efficiently operated continuously for 55 days at an OLR of 
20 kg COD m'3 d'1 (6 hrs HRT) with synthetic wastewater, showing the capability of the 
system to perform on a long-term basis at high OLRs with short HRTs. This study 
shows that a GRABBR can be operated in a number of phases, depending upon the 
operational conditions and number of compartments, with each compartment 
representing a separate phase. The system also operates as an alternative to a two-phase 
anaerobic digestion system, which could save the cost of an extra unit traditionally 
employed to achieve similar goals in treatment of complex or high strength wastewaters 
to separate acidogenesis and methanogenesis (Pohland and Ghosh, 1971; Cohen et al., 
1980 & 1982; Dinopoulou and Lester, 1989; Anderson et al., 1994; Ince, 1998; Shin et 
al., 2001).
Granule breaking and flotation were observed in the upstream compartments, where 
acidogenesis was dominant. However, granular sludge in the downstream compartments 
(methanogenic dominant zone) retained the original granular structure. At high OLR, 
the production of acid in the early compartments and its consumption in the latter 
compartments created zones of acidogenesis and methanogenesis in these respective 
compartments. The effect of increasing OLR was to increase the acidogenic zone at the 
expense of the methanogenic zone.
Short HRTs (high OLRs) can cause potential problems of biomass washout within the 
system. Compartmentalisation and granular bed characteristics of the GRABBR offered 
a good resistance to biomass washout at short HRTs. Effluent total suspended solids 
concentrations were generally low under various operating conditions. Firstly, the
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baffles minimised inter-compartmental solid washout, and secondly, denser granular 
sludge bed possessed good settling characteristics. The downstream granular bed also 
acted as a filtration bed for non-granular biomass produced in the upstream acidogenic 
phase. Most of the effluent solids consisted of non-granular biomass formed in the 
upstream compartments of GRABBR.
Table 9.1 Chemical oxygen demand removal efficiencies under different 
operational conditions at steady state for glucose and brewery wastewaters using 
granular bed baffled reactor.
Substrate OLR1
(kg COD m 3 d')
CODjnfluent
(g r1)
HRTb
(hrs)
Flow rate 
(1 d'1)
COD6
removal
(%)
Glucosed 1 - 2 0 5 120-6 2 -4 0 9 6 -9 8
Glucose6 2 .5 -20 5 4 8 -6 5 -4 0 9 4 -9 7
Breweryf 2.16-13.38 5-10 .7 55.5-19.23 4.3-12.5 9 3 -9 6
a OLR: Organic loading rate 
b HRT: Hydraulic retention time
c COD: Chemical oxygen demand. For brewery wastewater study, the values represent 
total COD removal, while for glucose wastewater studies, the percentages are soluble 
COD removal
d The study lasted for 148 days and OLRs were steadily increased by decreasing HRTs 
e The study lasted for 33 days and OLRs were rapidly increased by decreasing HRTs 
f The study lasted for 68 days
The metabolic pathways of glucose and brewery wastewater fermentation in the 
GRABBR favoured acetate and butyrate production, particularly at high OLRs. High 
degradation rates of these acids were observed in the methanogenic dominant zone. It is 
believed that the low pH levels within the acidogenic dominant zone of the system 
played a vital role for such microbial selection with synthetic medium. With glucose 
wastewater studies, low pH levels in the GRABBR could have encouraged high 
concentrations of acetate and butyrate, as also reported by other authors (Inane et al., 
1996; Azbar et al., 2001; Horiuchi et al., 2002). This condition is energetically less 
favourable to the acidogens, but enhances the bioavailabily of essential easily 
biodegradable intermediate products in the methanogenic phase (Azbar et al., 2001). In 
other words, the acidogenic phase in the GRABBR produced favourable substrate 
conditions for the methanogenic phase. On the other hand, the pH levels of the medium
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in the upstream compartments of the GRABBR were relatively high in the brewery 
wastewater study, but interestingly acetate and butyrate were still the major acid 
products. This shows that the GRABBR configuration stimulates production of 
intermediate products in the acidogenic phase favourable to the methanogenic zone, or 
may be the nature of the wastewater for such microbial selection within the system.
The methane yield varied from 0.30 to 0.38 m3 CH4 kg'1 CODremoveci with higher loads 
causing a decrease in the yield for the synthetic glucose wastewater studies. The 
methane composition varied from 50% to 70%. However, higher methane yields were 
observed with brewery wastewater (0.37 to 0.47 m3 CH4 kg'1 CODremoved)> with 
methane composition varying from 62% to 75%. This high methane yield and 
composition found with the brewery wastewater could be due to the nature of the 
organic substrates in the wastewater. The high methane yield in all the studies confirms 
the GRABBR as a high rate anaerobic system.
9.2 BIOMASS CHARACTERISTICS IN ACIDOGENIC PHASE
High acidogenic activities in the upstream compartments of the GRABBR caused 
breaking of granular sludge to produce non-granular biomass in the form of debris of 
broken granules and new microbial mass. It can be hypothesised that breaking of the 
granules in the acidogenic phase of a GRABBR is a common characteristic associated 
with such compartmentalised granular bed systems. High consumption (up to 30%) of 
influent ammoniacal nitrogen (NH4-N) was observed in the acidogenic dominant zone, 
and believed to be the result of high biomass growth. This was an indication of the 
differential growth characteristics of the microbial populations in the front and rear 
compartments of the GRABBR. The whitish non-granular mass formed in the 
acidogenic dominant zone of glucose wastewater studies was identified as Gram­
negative Klebsiella pneumoniae (83% probability), a known facultative anaerobic 
microorganisms.
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9.3 COMBINED DENITRIFICATION AND CARBON REMOVAL IN GRABBR
9.3.1 Treatment of Glucose Wastewater for Organic Carbon and Nitrogen 
Removal
The methanogenic and acidogenic dominant zones exhibited high denitrification 
capabilities, with no nitrite accumulation, suggesting that the microbial environment in 
these zones have denitrifying potentials. The nitrate removal rates in the acidogenic and 
methanogenic dominant zones increased with increase in nitrate concentration (50 to 
200 mg l'1 NO3-N), varying from 46 to 175 mg NOx-N l"1 h'1 and 43 to 189 mg NOx-N 
I"1 h'1 respectively. Interestingly, the methanogenic dominant environment demonstrated 
slightly higher nitrate and carbon removal rates than an acidogenic dominant 
environment. This may be because volatile fatty acids (VFAs) were the main microbial 
substrate in the methanogenic dominant zone, which are efficient compounds for 
denitrification as compared to glucose (Akunna et al., 1993 & 1994a; Fass et al., 1994; 
Hendriksen and Ahring, 1996a). The other reason could be the presence of a highly 
active biomass in the form of anaerobic granules in the methanogenic dominant zone, 
which may have possessed high denitrifying potentials. Though, relatively higher 
denitrification and SCOD removal rates were achieved when nitrates were added to the 
methanogenic dominant zone as compared to when being added to the acidogenic 
dominant zone, in order to avoid inhibition of nitrates to methane producing 
microorganisms, back mixing of nitrogen oxides to the preceding compartments and 
incomplete denitrification, nitrate addition in the acidogenic dominant zone would 
ensure a more stable and reliable reactor operation. This would also eliminate any 
requirement for a pre-denitrification stage, as the number of compartments would be 
sufficient enough to denitrify nitrates along the length of the reactor with methane 
production occurring mainly in the downstream compartments of the GRABBR. 
Moreover, this arrangement would be advantageous for collecting biogas from methane 
rich (mainly downstream) compartments of the GRABBR, thus minimising the cost of 
methane separation from the total biogas.
No noticeable dissimilatory nitrate reduction to ammonia (DNRA) was observed in the 
GRABBR and nitrate conversion to nitrogen gas was the major pathway for nitrate
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removal. It seems that compartmentalisation enhanced nitrate reduction activities by 
ensuring a relatively low COD/NO3-N ratio in the nitrate added compartment, which 
might have encouraged nitrate removal via denitrification. Low COD/NO3-N ratios 
have been reported to increase denitrification activities over DNRA (Akunna et al., 
1993 & 1994a). The addition of nitrate increased the overall SCOD removal efficiency 
of the reactor when compared to conditions prior to nitrate addition due to extra carbon 
consumption during nitrate removal. Methane production was observed during nitrate 
addition, indicating that simultaneous denitrification and methanogenesis occurred in 
the GRABBR.
9.3.2 Treatment of Brewery Wastewater for Organic Carbon and Nitrogen 
Removal
The application of a combined integrated system was investigated by incorporating 
carbon and nitrate removal in the GRABBR, with a separate nitrification unit for 
converting ammonia to nitrate. Organic matter and nitrate were removed simultaneously 
in the GRABBR at different recycling ratios of influent to nitrified effluent (1:1, 1:1.5 
and 1:2). During all recycling ratios, COD removal of over 99% was observed by the 
overall system. All the nitrates added to the GRABBR were eliminated in the first two 
compartments of the system, predominantly via denitrification. Almost all ammonia 
was converted to nitrate nitrogen with only small traces of nitrite nitrogen in the aerobic 
unit during all recycling ratios. Methane production was observed throughout the 
experimental period, showing that methanogenesis occurred simultaneously with 
denitrification. This study is an example of an industrial application of a GRABBR as a 
reliable and stable anaerobic system for complete organic carbon and nitrogen removal.
9.4 SIMULTANEOUS NITRATE REDUCTION AND METHANE 
PRODUCTION IN BATCH ASSAYS
Batch experiments were conducted to evaluate the possibility of simultaneous 
denitrification and methane production with acidogenic and methanogenic dominant 
zone sludges with different carbon sources, i.e. acetate, VFA and glucose. In general, 
acetate and VFA cultures exhibited slightly higher methane production and/or nitrate 
removal as compared to glucose cultures for both type of sludges under nitrate added
140
Chapter 9: General Discussion
and nitrate free conditions. This suggests that the simpler forms of carbon (acetate and 
VFA) are more efficient substrates in terms of carbon and nitrate removal than glucose.
The methanogenic dominant zone sludge, which was granular in structure, showed 
better nitrate removal capabilities with all substrate cultures when compared to the 
acidogenic dominant zone sludge. This confirms the reactor study where higher 
denitrifying rates were achieved when nitrates were added in the methanogenic 
dominant zone. The acidogenic dominant zone biomass, after being acclimatised with 
nitrates, exhibited higher nitrate reduction potentials for all substrate cultures, but with 
no methane production. This nitrate acclimatised acidogenic sludge was mainly non- 
granular and demonstrated higher denitrifying rates than methanogenic dominant zone 
sludge previously unadapted to nitrate (Table 6.3). This suggests that nitrate adaptation 
increases the number of denitrifying microbes. Simultaneous denitrification and 
methane production was observed with all substrates with methanogenic dominant zone 
sludge, indicating the importance of granular structure for the combined activities. The 
batch study shows that anaerobic granular microorganisms not only possess high 
methanogenic activities but also denitrification capabilities. Since the long term affect 
of acidogenesis on granular biomass is to produce a non-granular sludge, which is less 
active in methanation, it is suggested that acclimatisation of acidogenic dominant sludge 
by a gradual increase in influent NOx-N will bring about increased denitrification rates 
(in the acidogenic dominant zone), and consequently an increase in methane production 
in the GRABBR.
This study differs from earlier reported work, which suggests that methane production 
and nitrate removal can not proceed simultaneously in a completely mixed environment 
(Akunna et al., 1993 & 1994a; Lin and Chen, 1995; Quevedo et al., 1996). They 
observed methane production only after complete elimination of nitrate from the 
wastewaters. The main explanation for this observation could be the nature of the 
biomass, as most of these studies were conducted with dispersed or flocculent type 
sludges. The studies reported here show that the reversible inhibition may be due to the 
non-granular nature of biomass used by these authors (Akunna et al., 1993 & 1994a; 
Lin and Chen, 1995; Quevedo et al., 1996). The methanogenic bacteria may have been 
readily exposed to nitrogen oxides, and was not able to play their role until all nitrates
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were eliminated. But in granular biomass, these microorganisms are protected by 
facultative populations that revive NOx-N reduction.
Hendriksen and Ahring (1996b) observed methane production only after complete 
elimination of nitrogen oxides with granular sludge. Although difficult to prove, a 
combination of different factors could have contributed to this observation. It may be 
that the coexistence of facultative (or denitrifying) and methanogenic organisms in the 
granular structure were not having a strong association. Moreover, it may be possible 
that the microbial populations within the granules were not having a layered 
arrangement, as observed in this study, which was evident from the electron 
micrographs (Chapter 7). In another study, the application of entrapped microorganisms 
in gels has been attempted for nitrate and carbon removal (Lin and Chen, 1995), 
however methane production was only observed after complete nitrate elimination. 
Furthermore, these structures are less stable with a short life cycle (Liu and Tay, 2002).
It can be hypothesised from this study that in a layered anaerobic granular sludge with a 
strong association of facultative bacteria and methanogens, simultaneous denitrification 
and methane production can occur simultaneously. When carbon and nitrate are present 
in the culture, outer layers of the granules (consisting mainly of facultative 
microorganisms), remove nitrate from the system, while core or inner methanogenic 
microbial layers convert relatively simple forms of substrate to methane. Naturally 
forming biofilms in the form of anaerobic granular sludge offer an adequate solution for 
the integration of carbon and nitrate removal.
9.5 GRANULAR MORPHOLOGY
The morphology of anaerobic granules in this study was observed to be ellipsoid, which 
was in disagreement with that reported in the previous studies, which suggested a 
spherical granular shape (Hulshoff Pol et al., 1986; Grotenhuis et al., 1991a; Arcand et 
al., 1994; Shen and Guiot, 1996; Batstone and Keller, 2001). Microscopic observations 
and particle size distribution of granular samples revealed two different dimensions 
along two-axes, which characterises these particles as ellipsoids and not spheres. 
Furthermore, particle size distribution graphs along both axes exhibited the presence of 
two prominent populations of sizes along each axis.
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Granular properties have been a useful tool to ensure a successful anaerobic reactor 
operation, particularly in terms of treatment efficiency and biomass retention within the 
system. The settling properties and particle size distribution of granules have been 
calculated by assuming granules as spherical shaped particles using the correlation 
between the size and settling velocity (Hulshoff Pol et al., 1986; Grotenhuis et al., 
1991a; Batstone and Keller, 2001). This resulted in large deviations in results for 
settling velocities and size distribution calculated by using empirical equations when 
compared with experimentally measured values. It is believed that due to the non- 
spherical shape of granules, errors have been made in these earlier studies (Grotenhuis 
et a l , 1991a; Batstone and Keller, 2001). This shows that a proper assessment of 
granule morphology is fundamental before applying any derivation or empirical 
equation based upon the shape of granules.
9.6 MICROBIAL ECOLOGY AND DISINTEGRATION OF GRANULES
Scanning and transmission electron micrographs revealed that the core of anaerobic 
granular sludge consists predominantly of Methanothrix-YikQ species. Methanogenic 
granules consisted of five apparent microbial zones with a vast diversity of species from 
the outer surface to the core of the granule. Observation of more than three microbial 
zones within the granule shows that the granular structure possesses more complex 
bacteriology than previously reported by other researchers (Macleod et al., 1990; Fang 
et al., 1994). Granules in the methanogenic dominant zone of the GRABBR were 
densely packed with smooth regular surface. On the other hand, granules subjected to 
acidogenic activities revealed relatively fewer numbers of species with an irregular 
fissured surface. Furthermore, layering (zoning) in these granules was not distinct, with 
four apparent microbial zones. These images and visual observation shows that the 
fermentation process in the upstream compartments of the GRABBR disfigured the 
granular structure. This could be due to mainly the affinity of hydrophilic cells (mainly 
facultative microorganisms dominant in the outer zones of anaerobic granule) of the 
granular consortium to be in the liquid phase of the acidogenic dominant environment. 
It is believed that most of the hydrophobic microorganisms (i.e. methanogens) in an 
anaerobic granular sludge, which play a vital role in the aggregation of bacterial species 
(van Loosdrecht et al., 1987a & 1987b) and granule formation (Grotenhuis et al., 1992),
143
Chapter 9: General Discussion
would not have a strong association under highly active acidogenic environment. 
Viruses in the granules could also be responsible for destroying cells and weakening the 
internal structure of granules, thus possibly causing the breaking of granules into 
smaller granules. It can be hypothesised that the main cause of granule disintegration in 
the acidogenic dominant zone (upstream compartments of the GRABBR) could be due 
to fermentative activities, while bacteriophage and the natural process of disintegration 
in the other zones (downstream compartments of GRABBR) of anaerobic system.
It has been reported that granules dominant of hydrophobic bacteria on the outer layers 
strongly adhere to biogas bubbles formed in anaerobic systems, and are susceptible to 
washout (Daffonchio et al., 1995; Thaveesri et al., 1995). Therefore, a granular 
structure enriched with hydrophilic cells on surface or outer layers, with a strong 
association of hydrophobic microorganisms in the core, is expected to bring greater 
stability within the system with high biomass retention. Hence, a layered structure, with 
fermentative or facultative microorganisms in the outer zones and methanogens in the 
inner layers of anaerobic granule, is the preferred granular structure for the start-up of 
anaerobic system rather than homogenous layered granular aggregate.
Extracellular polymeric substances (EPS), cell division within the granules, coccoid 
cells, protozoa-like organisms and spirochaete bacteria were observed by scanning and 
electron microscope. EPS is believed to act as a binding material for the 
microorganisms in the granules to keep a compact granular structure. Protozoa are 
microorganisms that play an important role as bacterial predators, and are believed to 
control the growth of bacterial cells on the exterior zone of granular structure.
9.7 GRANULATION
An acidogenic environment does not seem to initiate granule formation, as the breaking 
of granules was observed in the acidogenic dominant zone with synthetic glucose and 
brewery wastewaters. Methanogens or an environment dominated by methanogenic 
activities is believed to initiate self-immobilisation of bacterial species to form 
anaerobic granules, as a granular structure was retained in the downstream 
compartments of the GRABBR. This theory was further supported by the microscopic 
observations in this study as reported in Chapter 7, which revealed methanogen-like
144
Chapter 9: General Discussion
species as the main population in the core of granules. Hence, it can be hypothesised 
that reactor hydrodynamics and methanogenic dominant environments are two 
important factors for initiating the granulation process.
9.8 ADDITIONAL ADVANTAGES OF GRANULAR BED BAFFLED 
REACTOR
The GRABBR system can achieve enhanced treatment performance by controlling and 
manipulating the gaseous phase. Venting of gas from the acidogenic dominant zone of a 
stage system has been found to be efficient for overall process stability (Harper and 
Pohland, 1987). This arrangement is possible with GRABBR, and even gas alterations 
can be made with the required amount of gas passed or recycled to the subsequent 
stages.
In UASBs and expended granular sludge bed (EGSB) configurations, high gas 
production or flow rates could cause channelling, which could be extended throughout 
the upflow height of these systems as gas bubbles travel from the bed to the entire 
height of the system. In the GRABBR type system, even if there is channelling in any 
compartment, it would most probably be restricted to that compartment rather than 
affecting the entire system.
In upflow compartmentalised anaerobic configurations, if granule breaking occurs in the 
lower acidogenic zone of the system then the granular sludge in the upper methanogenic 
zone will settle out in the lower zones. This will offer no protection to the methanogenic 
zone, unless a sufficient amount of granules is formed within the system. In the 
GRABBR, if there is a breaking of granular sludge in the upstream compartments, the 
granular sludge in the methanogenic dominant zone (downstream compartments) would 
be preserved from the adverse conditions of acidogenesis as it will not be back mixed.
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9.9 CONCLUSIONS
Based on the results obtained in this study, the following conclusions can be drawn:
1. The reactor is capable of recovering quickly following large increments in OLRs (or 
reduction in HRTs), and provides high capacity storage to metabolise intermediate 
products when operated in the mode of hydraulic shock loads.
2. The reactor configuration and microbial environment encourages the acidogenic 
dominant zone to produce intermediate products suitable for degradation in the 
methanogenic dominant zone.
3. At low OLRs, the system operates as a completely mixed system due to the ability 
of only one compartment to accomplish complete treatment. Phase separation 
between acidogenesis and methanogenesis mainly occurs at high OLRs (short 
HRTs), involving greater number of compartments to contribute in wastewater 
treatment. Increases in OLRs bring about increase in the size of acidogenic zone.
4. The dense granular bed in the GRABBR reduces the effect of channelling at short 
HRTs to provide optimum contact between biomass and wastewater. The highly 
active nature and good settling characteristics of methanogenic granular biomass 
offer high biomass retention and enhance methanogenic activities within the system.
5. The granular structure in the acidogenic dominant zone of a GRABBR is susceptible 
to breaking while they are maintained in the methanogenic dominant zone. This 
suggests that acidogens are mainly dispersed biomass forming microorganisms with 
hydrophilic characteristics, while the environment dominant of methanogenic 
organisms, predominantly hydrophobic cells, may initiate granule formation.
6. Proper assessment of granular morphology is vital before applying any empirical 
relationships dependent on the shape factor. The trend of considering or assuming 
anaerobic granules as spherical particles needs serious attention.
146
Chapter 9: General Discussion
7. The simpler forms of carbon substrates, like acetate and VFA, are more efficient 
compounds to achieve high denitrification and methanation rates than glucose.
8. Simultaneous denitrification and methane production in a GRABBR is attributed to 
a microbial arrangement in a multi-layered granular structure, containing a vast 
diversity of organisms with a strong association of facultative and methanogenic 
populations predominantly located in the outer and inner zones, respectively, and 
phase separation characteristics of system.
9. The long term reactor stability and efficiency in terms of organic carbon and nitrate 
removal can be achieved by introducing nitrate feed into the acidogenic dominant 
zone of GRABBR. This arrangement will bring about complete nitrate removal, 
minimise nitrate inhibition to methanogenesis (or methanogenic dominant zone) and 
collection of methane rich biogas from the selected phase.
9.10 SUMMARY
The GRABBR can achieve high COD removal efficiency, denitrification rates and 
methane yield with synthetic and natural wastewaters. This is mainly attributed to the 
reactor’s compartmentalised design, granular bed and plug-flow characteristics. The 
findings of this project suggest that the application of a GRABBR is suitable for the 
treatment of multiple pollutants of complex or high strength wastewaters, due to its 
multi-phase granular bed features, where each phase or compartment acts as a separate 
specialised treatment unit.
9.11 SUGGESTIONS FOR FURTHER WORK
The following areas of study are recommended for further work:
1. A comparative study of GRABBR and EGSB systems for treating sulphate rich 
wastewaters. In the GRABBR, ease of gas venting feature may efficiently control 
hydrogen sulphide (H2S) accumulation in the upstream compartments (acidogenic 
phase), and thus might offer high reactor stability in terms of organic matter and 
sulphate removal when compared to EGSB system.
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2. A comparative study of GRABBR systems with varying number of compartments to 
investigate the influence of compartmentalisation on the reactor performance, 
particularly in terms of phase separation, biomass retention and pollutants removal.
3. Investigation of GRABBR by designing compartments with high height to width 
ratios. It would be interesting to examine the influence of more upflow path pattern 
of the wastewater on various substrate degradation rates and granulation process.
4. Determination of settling velocities of granules by using empirical relationships 
derived for elliptical and spherical particles, and their deviation from experimentally 
measured values.
5. Evaluation of the reactor with highly concentrated and dilute wastewaters. The high 
biomass activity and good settling characteristics of granular sludge is expected to 
bring greater reactor stability in terms of organic matter removal.
6. Improvement of the reactor configuration in terms of providing suitable non- 
granular inocula in the compartments where methanogenic granular sludge is likely 
to break or float.
7. The GRABBR should be investigated for process industries generating variety of 
wastewater streams. Feeding each pollutant stream into separate compartment to 
create their specialised treatment zone could bring the effluent quality within 
discharge limits with considerable economic gains.
This work has provided some useful knowledge to scale up the reactor on pilot-plant 
size for treating high strength industrial wastewaters. On the concept of this work, 
recently a study was undertaken on a pilot plant scale for treating brewery effluent.
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